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ABSTRACT

Domoic acid (DA), a potent neurotoxin that has the potential to cause
amnesic shellfish poisoning (ASP), is produced by members of the marine diatom
genus Pseudo-nitzschia. Outbreaks of ASP in humans and of DA poisoning in birds
and marine mammals have been reported across the United States and Canada since
the late 1980’s. Pseudo-nitzschia species can be extremely abundant in Florida
waters, with densities often exceeding 106 cells/L, and sometimes exceeding 107
cells/L. Based on preliminary data, it is evident that at least nine species of Pseudonitzschia are found in Florida coastal waters. At least six of these species are known
to produce DA in other parts of the world, and some are morphologically identical to
some of the major toxin-producing species in Californian and Canadian waters.
Despite the strong presence of Pseudo-nitzschia, there has never been a report of
ASP or a DA-related animal mortality event from Florida.
Data collected from 2004 to 2011 show maximum Pseudo-nitzschia
abundances exceeded 4 x 107 cells/L. Six species of Pseudo-nitzschia were identified
from central west and southwest Florida waters via light and electron microscopy.
This is the first report of P. micropora from the Gulf of Mexico. Additionally P.
calliantha, P. cuspidata, and P. pungens were identified as producers of DA in Florida
coastal waters; although cell quotas of DA were low. Low levels of DA were detected
in about one third of the water samples analyzed and DA concentrations measured in
the majority of shellfish from the study area were at least an order of magnitude
below the regulatory limit of 20 µg/g, suggesting that Pseudo-nitzschia currently
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poses little threat to human health in Florida. However, DA production in Pseudonitzschia species has been shown to be variable and dependent on nutrient
conditions, indicating that the potential for DA-related events to occur in Florida
warrants further investigation.
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INTRODUCTION TO PSEUDO-NITZSCHIA AND DOMOIC ACID

Diatoms are ubiquitous in the marine environment and are thought to account
for 40% of the total primary productivity in the oceans (Sarthou et al., 2005). They
play an essential role in the biogeochemical cycling of nutrients in the oceans;
however, they can also have negative impacts on the environment in the form of
harmful algal blooms (HABs). The term HAB does not refer solely to diatoms as
many species of microalgae and macroalgae can form harmful blooms. It is
becoming widely accepted that HABs are increasing in frequency, persistence,
toxicity, and geographical distribution (Landsberg, 2002); however, the reasons for
these increases have yet to be elucidated. Pseudo-nitzschia, a pennate marine
diatom, is a HAB species characterized by chains of elongate overlapping cells.
Pseudo-nitzschia was the first diatom genus discovered to produce a phycotoxin
(Bates and Trainer, 2006). Phycotoxins are toxic compounds produced by a variety
of phytoplankton species in both marine and freshwater systems. Certain members
of the genus Pseudo-nitzschia are capable of producing the potent phycotoxin
domoic acid (DA), which has been documented to be harmful to both humans and
wildlife. DA was originally isolated from the red macro alga Chondria armata and was
previously used as a form of medicine in Japan to treat intestinal pinworm infection
in children (Takemoto and Daigo, 1958). In more recent decades the toxin has been
shown to have adverse effects on human health through a condition known as
amnesic shellfish poisoning (ASP). The name amnesic shellfish poisoning stems from
the main symptom associated with DA poisoning, which is permanent short-term
memory loss. Other symptoms associated with this illness include confusion,
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seizures, nausea, vomiting, coma and even death. The first and only report of DAlinked ASP occurred off Prince Edward Island (PEI), Canada in 1987 (Bates et al.,
1989). Over 100 people were hospitalized, and there were three reported mortalities
due to the consumption of cultivated blue mussels (Mytilus edulis) contaminated with
DA (Bates et al., 1989; Perl et al., 1989; Wright et al., 1989). Bates et al. (1989)
determined the source of the DA contamination in mussels from this event to be the
diatom Nitzschia pungens f. multiseries (now known as Pseudo-nitzschia
multiseries).
The genus Pseudo-nitzschia is comprised of at least 37 known species (Lelong
et al., 2012), 14 of which have been documented to produce DA (Bates, 1998;
Lelong et al., 2012; Thessen et al., 2009). According to Hasle (2002) most Pseudonitzschia species are cosmopolites and although a large number of species are toxic,
many non-toxic blooms of these species have been observed. Additionally, among
the known toxigenic species, different levels of toxin production have been observed.
For example isolates of P. multiseries from the Washington coast produced 20 times
more particulate DA than cultures of P. australis from the same region. In contrast,
P. delicatissima, P. cf. pseudodelicatissima, and P. pungens isolates from the same
region produced low or undetectable levels of DA under the same laboratory
conditions (Baugh et al., 2006). Recent reclassification of P. pseudodelicatissima
based on new structural and genetic information has yielded four different species in
what is now known as the P. pseudodelicatissima/cuspidata complex: P.
pseudodelicatissima, P. cuspidata, and two new species P. calliantha, and P.
caciantha (Lundholm et al., 2003). To date P. caciantha is the only species in the
complex that has not been shown to be toxigenic (Lundholm et al., 2003). Toxigenic
species of Pseudo-nitzschia are predominantly coastal; however, they have also been
documented from oligotrophic waters (Bates and Trainer, 2006). At least 14 species
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of Pseudo-nitzschia are DA producers (P. australis, P. brasiliana, P. calliantha, P.
cuspidata, P. delicatissima, P. fraudulenta, P. galaxiae, P. granii, P. multiseries, P.
multistriata, P. pseudodelicatissima, P. pungens, P. seriata, and P. turgidula) (Bates
and Richard, 2000; Bates and Trainer, 2006; Lefebvre and Robertson, 2010; Lelong
et al., 2012), as well as a related species, Nitzschia navis varingica (Kotaki et al.,
2000).
DA production by Pseudo-nitzschia is recognized as a global phenomenon,
occurring in waters off Canada, Denmark, France, Greece, Ireland, Japan, New
Zealand, Scotland, Spain, and the United States (Bates and Richard, 2000; Costa
and Garrido, 2004; Cusack et al., 2002; Fehling et al., 2005; Kaniou-Grigoriadou et
al., 2005; Kotaki et al., 1999; Lundholm et al., 2005; Rhodes et al., 2003; Scholin et
al., 2000). The list of countries reporting problems with Pseudo-nitzschia toxicity is
growing; however, the species responsible can vary with location. The problematic
Pseudo-nitzschia species in Europe are P. australis, P. seriata, and P. multiseries
(Bates and Trainer, 2006) whereas P. australis is the main source of DA in New
Zealand (Rhodes, 1998). Li et al. (2005) examined morphological characteristics and
toxicity of a strain of Pseudo-nitzschia isolated from the East China Sea. They
identified the strain as the potentially toxigenic species, P. pungens, but did not
observe DA production by this strain in culture. Conversely, in a study focusing on
DA toxicity in shellfish in Japan the toxigenic species, P. multiseries, isolated from
coastal waters was shown to produce DA in culture (Takata et al., 2009). Shortly
after the human intoxication incident in Prince Edward Island, Canada, P. multiseries
was identified as the prominent toxigenic species present in this region. In a
separate region of eastern Canada, blooms of P. seriata have coincided with DA
contamination of mollusks. During one event, a single strain of P. seriata was
successfully cultured and tested positive for DA (Couture et al., 2001). On the Pacific
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coast of the United States P. multiseries, P.australis and P. pseudodelicatissima have
all been implicated in multiple toxic blooms (Scholin et al., 2000; Trainer et al.,
2000; Trainer and Suddleson, 2005).
Research into the toxicity of DA has revealed that it is an amino acid (Figure
1) that binds with glutamate receptors in the mammalian central nervous system,
specifically in regions of the hippocampus. Binding of DA to the glutamate receptors
leads to excitation of neurons, causing an influx of calcium ions resulting in neuronal
cell death (Jeffery et al., 2004). DA has been found to be relatively stable and does
not degrade at room temperature; however, high temperatures in addition to
extremely acidic or alkaline conditions have been shown to have a considerable
influence on decomposition of the toxin (Lefebvre and Robertson, 2010). Evidence
suggests that photo-degradation of DA is the primary route of its elimination in the
marine environment (Bates et al., 2003). Furthermore, DA has been shown to be
converted to isodomoic acid derivatives upon exposure to UV light or heat (Quilliam
and Wright, 1995; Wright et al., 1989). Ten DA isomers have been identified to date,
and notably the toxicities of some of these derivatives have been shown to be
significantly lower than DA itself (Munday et al., 2008).

Figure 1 Chemical structure of domoic acid
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Domoic acid poisoning in wildlife can cause many of the same neurological
symptoms that are seen in human intoxications, such as disorientation and seizures.
In 1991, a mass stranding of brown pelicans (Pelecanus occidentalis) and Brandt’s
cormorants (Phalacrocorax penicillatus) exhibiting neurological symptoms occurred in
Monterey Bay, California, making this the first DA poisoning event to occur outside of
Canada. The affected birds had eaten anchovies contaminated with DA during a
bloom of P. australis (Work et al., 1993). In 1998 over 400 California sea lions
(Zalophus californianus) were found dead on many beaches across central California.
Seawater samples collected at that time were analyzed using molecular probes,
which detected a large bloom of P. australis (Scholin et al., 2000). A study by
Lefebvre et al. (1999) confirmed DA to be the causative compound of the mortalities
during this event and determined that the toxin was vectored to the sea lions by
northern anchovies (Engraulis mordax). This event signified the first documented
instance of trophic transfer of DA to marine mammals. Marine mammal mortalities
related to DA poisoning have been a recurrent problem along the California coast
since this first incident in 1998. Humans appear to be more sensitive to DA than
rodent and fish species (Lefebvre and Robertson, 2010). Gulland et al. (2002)
suggested that California sea lions are as sensitive to DA as humans, making them a
good sentinel species for assessing effects of DA on human health. Moreover, a
chronic DA toxicosis syndrome that is distinguishable from acute toxicosis has been
discovered in California sea lion populations, and at present, a vertebrate model for
characterizing the effects of chronic low-level DA exposure is being developed by
researchers in the northwest U.S. (Lefebvre and Robertson, 2010). Since the midnineties there have been numerous reports of DA poisoning in various birds and
marine mammal species from Mexican coastal waters (Sierra-Beltran et al., 1998;
Sierra-Beltran et al., 1997; Sierra-Beltran et al., 2005). In 1996, a mass mortality of
brown pelicans at the tip of the Baja California peninsula occurred as a result of the
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birds feeding on mackerel (Scomber japonicus) contaminated with DA. Subsequent
studies have identified P. australis and P. pseudodelicatissima as sources of DA in
this region. These intoxication events suggest that both planktivorous and
carnivorous fish are important vectors of DA to higher trophic level predators, due to
their apparent ability to accumulate high levels of the toxin. Further evidence to
support the theory of fish as vectors of DA to higher trophic levels was demonstrated
in a study on DA accumulation in Gulf menhaden (Del Rio et al., 2010). Moreover,
Lefebvre et al. (2002) detected extremely high levels of DA in northern anchovies
and pacific sardines (Sardinops sagax) in Monterey Bay, California. Results of this
study showed, however, that DA was only present in the fish while a bloom of
Pseudo-nitzschia was ongoing, indicating rapid depuration of DA by the fish.
Until recently, there were no reports of DA in marine mammals from Florida
or the eastern Gulf of Mexico. The majority of marine mammal strandings associated
with DA accumulation and Pseudo-nitzschia blooms have been reported from the
Pacific states. Then in 2004, a mortality event involving bottlenose dolphins occurred
in the Florida Panhandle. DA was present at low levels in the tissues of some of
these animals, although it was determined that brevetoxin (produced by the
dinoflagellate Karenia brevis) was the cause of death (NMFS, 2004). Fire et al.
(2009) have also detected low levels of DA in urine and fecal samples from pygmy
and dwarf sperm whales that stranded along the southeast coast of the U.S.
(including the east coast of Florida). The source of DA contamination was unknown
since there were no observed blooms of Pseudo-nitzschia in the regions associated
with any of the strandings. Most recently, live bottlenose dolphins sampled during
health assessments in Sarasota Bay, Florida (Twiner et al., 2011) tested positive at
low levels for the presence of both DA and brevetoxin. The study revealed that the
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dolphins had been exposed to low levels of DA on a nearly annual basis and
identified P. pseudodelicatissima as a possible source of DA.
Filter-feeding marine organisms such as shellfish pose the greatest risk of DA
exposure to humans, as evident from the PEI incident in 1987. Following this ASP
event, a regulatory limit of 20 µg DA/g shellfish tissue was established and is still in
place in Canada today. Levels of DA exceeding this limit detected during routine
monitoring of shellfish trigger closures of the affected harvesting areas. This
regulatory limit has also been adopted by regions outside of Canada including the
United States, New Zealand, Australia and Europe, for a variety of shellfish species.
Highest DA concentrations are generally found in the digestive gland of shellfish, and
the toxin does not appear to directly affect the shellfish, possibly due to their lack of
a complex central nervous system (Bejarano et al., 2008). During a prolonged toxic
Pseudo-nitzschia bloom in 1991, which affected a large area of the U.S. west coast,
razor clams and Dungeness crabs in Oregon and Washington were found to contain
high levels of DA. This event initiated harvesting closures, which lasted for almost a
year in both of these states (Horner and Postel, 1993; Trainer et al., 2002a; Villac et
al., 1993). Shellfish harvesting closures due to DA contamination have become
common in this region of the U.S. since the initial closures in 1991 (Trainer and
Suddleson, 2005). In addition to Canada and the U.S., DA has been detected in
shellfish in Asia and Europe. DA contamination of shellfish in southern Korean waters
was reported in the late 1990’s, with P. multiseries being identified as the most likely
toxin producer in this region (Cho et al., 2002). Also in the late 1990’s, DA was
detected in shellfish in France, with potential DA producers P. pseudodelicatissima
and P. multiseries being identified from associated water samples (Amzil et al.,
2001). DA was detected in king scallops (Pecten maximus) simultaneously in
Scottish and Irish coastal waters, during 1999 and 2000 (Cusack et al., 2002;
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Gallacher et al., 2001). In both cases, blooms of P. australis were suspected as the
source of contamination. Multiple species of shellfish are known to regularly become
contaminated with DA in Portuguese waters. These species include blue mussel
(Mytilus edulis), common cockle (Cerastoderma edule), oyster (Ostrea edulis), razor
clam (Ensis spp.), and clam (Ruditapes decussata) (Vale and Sampayo, 2001).
Research has shown that of all shellfish species, mussels have the most rapid uptake
and depuration rates for DA (Blanco et al., 2002a), and in mussels the toxin is
generally confined to the viscera. Conversely, scallops and razor clams depurate DA
at a much slower rate compared to mussels, and in razor clams, the toxin is found
throughout all tissues. Some other common invertebrate vectors of DA to higher
trophic levels include Dungeness crabs (Horner and Postel, 1993), sand crabs (Ferdin
et al., 2002; Powell et al., 2002), swimming crabs (Costa et al., 2003), common
cuttlefish (Costa et al., 2005), and euphausiids (Bargu et al., 2008). A 2001 study on
copepods grazing on Pseudo-nitzschia species introduced a new taxon, zooplankton,
as a potential route of exposure of DA to higher marine organisms (Lincoln et al.,
2001).
Pseudo-nitzschia species exist in a variety of environmental conditions and
are well adapted to live in environments where variable temperatures, salinities or
light levels are common. Furthermore, it is known that growth phase, nutrients,
temperature, irradiance and bacteria can influence DA production by Pseudonitzschia (Bates, 1998). During a study on the effects of salinity on Pseudo-nitzschia
growth and toxin production in Louisiana-Texas coastal waters, Pseudo-nitzschia
species were observed at a wide range of salinities (1 to >35 psu) (Thessen et al.,
2005). However culture experiments performed during this study revealed that each
species of Pseudo-nitzschia has a distinct salinity preference for growth. Low
temperatures have been observed to have a negative effect on cell division and DA
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production in some strains (Lewis et al., 1993); however, toxic shellfish have been
found in icy waters, suggesting that DA production can occur near 0oC (Smith,
1993). It has been demonstrated that irradiance can affect cellular DA levels in
Pseudo-nitzschia because photosynthetic energy is required for DA production (Bates
et al., 1991a). For example, Cusack et al. (2002) found that cultures of P. australis
grown under high irradiance levels produced four times more DA than cultures grown
at lower irradiance, presumably due to the greater availability of photosynthetic
energy. In laboratory studies, Pseudo-nitzschia cultures have been shown to
produce DA under conditions of silicate or phosphate limitation and when nitrogen is
in excess in culture media (Bates et al., 1998). Field studies on phosphate and
silicate limitation have supported laboratory results, showing increased DA
production under these conditions (Anderson et al., 2006; Schnetzer et al., 2007).
Research has also shown that Pseudo-nitzschia are capable of growth and DA
production using a number of nitrogen sources, such as nitrate, urea, and
ammonium (Bates et al., 1993; Cochlan et al., 2005; Howard et al., 2007; Thessen
et al., 2009).
There are several hypotheses as to the reasons for DA production by Pseudonitzschia. The most common theory is that DA is a chelator for extra-cellular iron and
copper. Wells et al. (2005) demonstrated that Pseudo-nitzschia species have an
inducible high affinity iron uptake capability, which enables them to outcompete
other diatoms in low iron conditions. DA could be secreted to bind extra-cellular iron,
increasing its bioavailability. On the other hand, the high affinity iron transporters
present in Pseudo-nitzschia require copper, so another possibility is that DA is
secreted to bind extra-cellular copper (Rue and Bruland, 2001). Laboratory studies
have shown that Pseudo-nitzschia produce less DA in the absence of bacteria (Bates
et al., 1995; Douglas et al., 1993) and that the presence of bacteria enhances the
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capability of Pseudo-nitzschia to produce DA. DA may also serve as a means of
displacing excess energy from photosynthesis during times when cell division ceases
(Bates, 1998; Bates et al., 1991b). Another potential reason for DA production is
that it acts as a grazing deterrent. A study by Bargu et al. (2006) supports this
hypothesis, showing that krill (Euphausia pacifica) exhibit a reduced feeding rate
when exposed to dissolved DA. To date, no studies exist that provide definitive
evidence to support the reason(s) for DA production by Pseudo-nitzschia.
In the past, the traditional method to determine the toxicity of shellfish for
human consumption was the mouse bioassay. However, this method does not have
sufficient sensitivity, nor does it provide an accurate estimate of the potency or dose
response of DA in humans (Lefebvre and Robertson, 2010). High performance liquid
chromatography (HPLC) with ultra violet (UV) diode array detection (DAD) was the
first method developed to detect DA in shellfish during the Canadian ASP incident in
1987 (Wright et al., 1989). Shortly after this, a fluorenylmethoxycarbonyl (FMOC)
derivatization method was developed, and when coupled with liquid chromatography
with fluorescence detection, resulted in a highly sensitive method to measure DA
(Pocklington et al., 1990). Currently, a reverse phase liquid chromatography method
with ultraviolet or diode array detector has become the accepted regulatory method
(Lefebvre and Robertson, 2010). Immunoassays using antibodies to detect DA, for
example enzyme-linked immunosorbant assays (ELISA), are another highly sensitive
detection method (Garthwaite, 2000; Garthwaite et al., 1998). In more recent years,
liquid chromatography coupled with mass spectrometry (LC/MS) has been a widely
used method of DA detection in seawater and shellfish extracts (Furey et al., 2001;
Wang et al., 2007) due to the increased level of toxin detection accuracy that can be
achieved by using these two instruments in tandem.
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Not all species in the genus Pseudo-nitzschia are toxic and multiple toxigenic
species frequently coexist in coastal environments (Bates, 1998; Trainer et al.,
2002b). Therefore proper identification of which species are present is essential in
determining the DA threat level. Traditional identification methods based on
morphological differences seen through light and electron microscopy are still in use
today. However, these methods can be time consuming and require training and
taxonomic expertise. With advances in molecular technologies in recent years,
methods have been developed to attempt to discriminate between species of
Pseudo-nitzschia using molecular probes and genetic barcoding. Probes targeting
variable regions of the 28S rRNA gene have been developed for a number of Pseudonitzschia species isolated from Monterey Bay, California. Researchers have developed
two methods for attaching these probes; whole cell fluorescent in situ hybridization
(FISH), and sandwich hybridization assays (SHAs) (Miller and Scholin, 1996, 1998;
Parsons et al., 1999; Scholin et al., 1996; Scholin et al., 1999; Scholin et al., 1997).
These new technologies are limiting, however, as probes are not available for all
Pseudo-nitzschia species. In addition, due to the variable nature of strains, there are
difficulties when applying existing probes to other geographical regions where
Pseudo-nitzschia is found (Parsons et al., 1999). Other regions of the Pseudonitzschia genome that have been used for the development of detection assays are
the internal transcribed spacer regions (ITS1 and ITS2) of ribosomal DNA (rDNA)
(Hubbard et al., 2008; Manhart et al., 1995; Orsini et al., 2004).The ITS regions in
Pseudo-nitzschia have been shown to vary in sequence length and content among
different species and different morphotypes (Orsini et al., 2004). Based on this,
Hubbard et al. (2008) recently developed a molecular fingerprinting technique that
can accurately identify six of the eight toxic species of Pseudo-nitzschia found in
coastal waters of the Pacific northwest coast of the U.S. This method utilizes
amplification of the ITS1 region of rDNA in Pseudo-nitzschia using species specific
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primers coupled with automated ribosomal intergenic spacer analysis (ARISA) which
generates peaks that correspond to distinct ITS1 fragment lengths. This technique
displays promise as a novel method to identify Pseudo-nitzschia species in the
environment, as it facilitates the relatively rapid identification of species in
environmental samples, which is necessary for routine monitoring of toxigenic
Pseudo-nitzschia.
Although molecular methods show great promise as a means of identifying
species of harmful algae, traditional morphological identification methods are still
very much in use. In Florida waters, routine monitoring of the toxigenic dinoflagellate
Karenia brevis through morphological methods is conducted by the HAB group at the
Florida Fish and Wildlife Conservation Commission’s (FWC) Fish and Wildlife Research
Institute (FWRI). Karenia brevis produces the potent neurotoxin brevetoxin which
has resulted in multiple mass mortalities of marine life and closures of shellfish
harvesting areas in the eastern Gulf of Mexico (Flewelling et al., 2010; Flewelling et
al., 2005; Landsberg, 2002; Landsberg et al., 2009; Naar et al., 2007; Steidinger et
al., 1973). Human consumption of shellfish contaminated with brevetoxin can lead to
a syndrome known as neurotoxic shellfish poisoning (NSP). In addition to monitoring
for the presence of K. brevis, the presence of other harmful species including
Pseudo-nitzschia is also monitored. A brief morphological study on the composition of
Pseudo-nitzschia species in Florida waters conducted by Wolny et al. (2005)
identified nine species of Pseudo-nitzschia in this region (Figure 2).
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Figure 2 Pseudo-nitzschia species identified from Florida coastal waters in 2003,
figure obtained from Wolny et al. (unpublished data)

Of the nine species noted, seven have been shown to produce DA in other
parts of the world. In fact, at least one of the species detected, P. multiseries, has
been implicated in multiple toxic blooms along the west coast of the U.S. Based on
the results of this investigation, it is evident that some Pseudo-nitzschia species
present in Florida waters are morphologically identical to some of the major toxinproducing species in Pacific U.S. and Canadian coastal waters. Despite this fact there
have been no reports of ASP or DA poisoning of wildlife in this region. The main goal
of this study was to document the spatial and temporal distribution, diversity, and
toxicity of Pseudo-nitzschia species in Florida coastal waters in order to assess the
potential for ASP or DA poisoning to occur.
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Research Objectives
1. Assess Pseudo-nitzschia occurrence in Florida coastal waters through cell
enumeration of routinely collected seawater samples.
2. Conduct an analysis of domoic acid concentrations in seawater and biota.
3. Determine Pseudo-nitzschia species diversity in west Florida coastal waters
using traditional morphological methods (i.e. light, scanning, and
transmission electron microscopy) and attempt to develop a molecular
method (i.e. Automated Ribosomal Intergenic Spacer Analysis [ARISA]) to
complement traditional identification techniques.

These objectives were accomplished through the following studies:
Chapter 1 describes the occurrence of frequent high density blooms of
potentially toxic Pseudo-nitzschia species throughout Florida, and also provides a
first look at bioaccumulation of DA in a host of fish and invertebrate species in this
region. Chapter 2 further investigates the accumulation of DA in multiple species of
shellfish through a time series case study of five fixed sites in Tampa Bay, Florida.
This study also addresses relationships between Pseudo-nitzschia species and DA,
and environmental conditions. Chapter 3 focuses on the identification of Pseudonitzschia species in bloom samples collected from central west and southwest Florida
over a period of three years, and establishes the identities of the species responsible
for the production of DA during this time period.
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CHAPTER 1: OCCURRENCE AND TOXICITY OF PSEUDO-NITZSCHIA IN
FLORIDA COASTAL WATERS

Introduction
A bloom can be defined as a significant increase in phytoplankton biomass
(Carstensen et al., 2007) or as a “deviation from the normal cycle of phytoplankton
biomass” (Parker, 1987). However, what constitutes a bloom cannot simply be based
on cellular abundance. Regional, seasonal, and species-specific aspects must be
taken into account (Smayda, 1997). Harmful algal blooms (HABs), caused by many
types of phytoplankton including dinoflagellates and diatoms, have been documented
in almost every coastal state in the U.S. However, the intensity of blooms can vary
with location and HAB-forming species present (Bushaw-Newton and Sellner, 1999).
Domoic acid (DA)-producing blooms of the marine diatom Pseudo-nitzschia
are known to occur worldwide, and new events are documented regularly. Since the
initial discovery in 1987 of the potential for DA to cause amnesic shellfish poisoning
(ASP) in humans through the consumption of contaminated shellfish (Bates et al.,
1989; Perl et al., 1989; Wright et al., 1989), no further cases have been
documented. However toxic blooms of Pseudo-nitzschia that commonly occur on the
west coast of the U.S. have been implicated in numerous cases of DA poisoning of
marine birds and mammals (Trainer et al., 2008).
Toxigenic Pseudo-nitzschia in the northern Gulf of Mexico were first recorded
in 1989 (Dickey et al., 1992). During this study researchers were successful in
isolating P. multiseries from the Texas coast and noted low levels of DA production
by this isolate in culture. Blooms of multiple species of Pseudo-nitzschia have been
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observed regularly in the northern Gulf of Mexico and more recently, due to
increased awareness, in the southern Gulf of Mexico (Parsons et al., 2012). The
majority of research on Pseudo-nitzschia in the Gulf of Mexico to date has been
carried out in Northern Gulf coastal waters. Blooms of Pseudo-nitzschia in this region
have been documented to reach very high densities, sometimes exceeding 10 7
cells/L (Dortch et al., 1997; Liefer et al., 2009; MacIntyre et al., 2011). However
reported cell quotas of DA from both isolates and environmental samples are low
(Del Rio et al., 2010; Pan et al., 2001; Parsons et al., 1999) in comparison to those
reported from blooms of toxigenic Pseudo-nitzschia off California (Scholin et al.,
2000).
Fewer studies exist on Pseudo-nitzschia blooms and DA production along the
coast of Florida. In Tampa Bay on the west coast of Florida, during winter 2002,
Pseudo-nitzschia species concentrations reached 3.25 x 10 6 cells/L (Badylak et al.,
2007); however, no information on DA associated with the bloom was reported.
Similar numbers of Pseudo-nitzschia species (> 106 cells/L) were observed during
blooms in Sarasota Bay, also on the west coast of Florida, during the summers of
2008 and 2009 (Twiner et al., 2011). Moreover low levels of DA were detected in a
study on periphyton in the Florida Everglades by Bellinger and Hagerthey (2010). On
Florida’s east coast, extremely high numbers (>2 x 107 cells/L) of Pseudo-nitzschia
species were documented from the Indian River Lagoon (IRL) (Phlips et al., 2004);
however no toxin measurements were made during this study.
Because limited information exists on blooms of Pseudo-nitzschia along the
coastline of Florida, the goal of this study was to document the extent to which
blooms of Pseudo-nitzschia occur in Florida coastal waters and to assess the
potential for domoic acid poisoning events to occur. Here I present data on the
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occurrence of Pseudo-nitzschia species over an eight year time period and report on
DA concentrations measured in seawater and biota from Florida coastal waters.
Methods
Study Area
Surface seawater samples, fish, shellfish, and other marine invertebrates
were collected between 2004 and 2011 from four regions of Florida: St. Joseph Bay
(SJB) in Florida’s Panhandle region, along the central west (CWFL) and southwest
(SWFL) coasts of Florida, and the Indian River Lagoon (IRL) on Florida’s east coast
(Figure 3).

SJB

IRL
CWFL

SWFL

Figure 3 Regions of sample collection in Florida: St. Joseph Bay (SJB), central west
Florida (CWFL), southwest Florida (SWFL), and the Indian River Lagoon (IRL)
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St. Joseph Bay (SJB)
St. Joseph Bay is located to the west of Apalachicola, Florida on the north
coast of the Gulf of Mexico (29.78oN, 85.35W) (Figure 3). It is a small embayment,
partially separated from the gulf by a coastal barrier spit. Beginning in 2005 a
number of routine sites for harmful algal bloom monitoring were established in the
bay. Water samples were collected monthly from five fixed sites between 2005 and
2011, and water and biota samples (various fish, shellfish, and other invertebrate
species) were collected quarterly from 20 to 25 fixed sites between 2005 and 2007.
During HAB events, additional samples were collected from non-routine sites.
Central west Florida (CWFL)
The region of central west Florida surveyed in this study extends from coastal
Tarpon Springs south to just west of Bradenton and is located between 27.42 o and
28oN, and between 82.38o and 83oW. Sampling was primarily coastal but also
encompassed some estuarine habitats of Tampa Bay (Figure 3). Collection of
seawater from eight fixed sites occurred on a weekly or biweekly basis between 2005
and 2011. Shellfish samples were collected opportunistically from the shoreline at
routine sites. During HAB events, additional samples were collected from non-routine
sites.
Southwest Florida (SWFL)
Samples were collected from southwest Florida between 25.90 o and 27.10oN,
and between 81.70 and 82.66oW, a region that extends from just north of Englewood
to south of Naples. Sample collection occurred at both estuarine and coastal sites.
Water samples were collected weekly between 2005 and 2011 from six fixed sites by
the Charlotte County Health Department (CCHD) and from eight fixed sites by the
Lee County Health Department (LCHD). An additional two sites were sampled
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biweekly from 2005 to 2011 as part of the Florida Fish and Wildlife Research
Institute’s (FWRI) harmful algal bloom monitoring program. Specimens of shellfish
were collected opportunistically at routine sites. Additional samples were collected
from non-routine sites during HAB events.
Indian River Lagoon (IRL)
The Indian River Lagoon is located on the east coast of Florida (28.05 oN,
80.56oW). It is a component of the east coast barrier reef system of Florida. The IRL
encompasses quite a large section of Florida’s east coast, and a number of
ecologically distinct regions are known to exist within the lagoon. Seawater and
shellfish samples were collected monthly between 2004 and 2011 from four fixed
sites in the northern IRL by the Florida Department of Agriculture and Consumer
Services (FDACS). In addition, water samples were collected biweekly between 2006
and 2011 from a minimum of five fixed sites as part of a collaborative HAB
monitoring project for the IRL. During HAB events additional samples were collected
from non-routine sites.
Sample Collection and Enumeration of Pseudo-nitzschia Species
At shoreline sites water samples were collected from just below the surface in
1L clear polyethylene Nalgene sample bottles. For sites accessed by boat, water
samples were collected using a horizontal PVC beta bottle (3.2L; Wildco ) from 0.5
m below the surface and from 1 m above the bottom. Subsamples were preserved
by filling 125 ml amber polyethylene Nalgene bottles containing 3ml of unacidified
Lugol’s Iodine preservative (final concentration 2%). Bottles containing Lugol’s were
inverted multiple times to ensure even distribution of fixative. All water samples
were stored in a cooler without ice until return to the lab for processing within 24
hours. Prior to enumeration each Lugol’s preserved sample was inverted 20 times to
ensure an even distribution of cells. A 3 ml aliquot was then removed, placed in a
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well on a 24-well culture plate, and allowed to settle for at least 30 minutes.
Samples were examined on an Olympus CK30 inverted microscope under a 10X
objective, according to Utermohl (1958). Pseudo-nitzschia were identified to genus
level and all cells identified as Pseudo-nitzschia species were counted and converted
to cells/L.
Fish were collected using traditional hook and line methods, by cast net (3.6
m, 19 mm mesh), or by seine net (21.3 m, 3.2 mm mesh). Shellfish and other
invertebrates were collected by hand from shallow coastal sites. All fish and
invertebrate specimens were held on ice in a cooler for transport to the laboratory
and stored at -20OC until processed.
Extraction and Quantification of Domoic Acid
Within 24 hours of collection whole seawater (250-500 ml) was filtered
through a 25 mm Whatman GFF filter for determination of particulate DA (toxin
contained within a cell). Filters were either extracted immediately or stored at -20oC
for a maximum of 2 weeks. Filters were extracted in 5 ml of 20% aqueous methanol,
vortexed for 1 min and centrifuged at 4000 rpm for 10 min. An aliquot of whole,
unfiltered seawater was retained for quantification of total (particulate+dissolved)
DA.
Biota samples were stored at -20oC and thawed prior to processing.
Invertebrate specimens from each collection were pooled according to species.
Thawed fish and invertebrate tissue samples were homogenized and extracted using
50% aqueous methanol (7.5 ml/g tissue). Water and tissue extracts were stored at 20OC until analyzed.
Extracts were screened for DA, either by enzyme linked immunosorbant assay
(ELISA, Biosense Laboratories, Bergen, Norway)(Garthwaite, 2000; Garthwaite et
al., 1998), or by high performance liquid chromatography with tandem mass
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spectrometry (LC/MS/MS). The LC/MS/MS method, which allows for more confidence
in the detection of the DA molecule in samples, was adopted in June 2009. Prior to
this date seawater and shellfish extracts were screened for DA by ELISA. Before
integration of the LC/MS/MS method into DA detection protocols, the ELISA and
LC/MS/MS methods were compared using multiple field samples covering the typical
range of DA levels that had been observed up to that time.
Prior to LC/MS/MS analysis sample extracts were filtered through 33 mm, 0.2
µm PVDF filters (Fisher Scientific). LC/MS/MS analysis was performed on an Acquity
UPLC system coupled to a Quattro Micro triple quadrupole mass spectrometer,
operated in positive ion mode (ESI+) according to a method adapted from Wang et
al. (2007). Separations were performed on an Acquity UPLC BEH C18 1.7 µm column
(2.1 x 100 mm). Mobile phase consisted of Nanopure water (A) and acetonitrile (B)
in a binary system with 0.1% acetic acid as an additive. The UPLC was operated
using a gradient elution: 5% B for 5.62 min, 40% B for 0.53 min, 95% B for 1.6 min,
5% B for 1.33 min, with a total run time of 9.10 min. Injection volume was 10 µL
with a flow rate of 0.4 mL min-1 and a column temperature of 40oC. The detection of
domoic acid by mass spectrometer was achieved by multiple reaction monitoring
(MRM) using the following instrument parameters: positive ion mode ESI; capillary
voltage, 4.0 kV; cone voltage, 28 V; extraction cone voltage, 2 V; source
temperature, 120ºC; desolvation temperature, 500ºC; desolvation gas flow 600 L
N/hr; and cone gas 25 L N/hr. MRM transitions from the protonated DA ion were
monitored using optimized collision energies for the following transitions: 311.8 >
248.0 and 311.8 > 265.8. DA certified reference standard purchased from the
National Research Council (NRC), Halifax, Canada, was used to generate a standard
curve for quantitation of DA in samples. DA detection methods (ELISA, LC/MS/MS)
used during this study had varying limits of detection (ld) and limits of quantitation
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(lq) (ld=~1/3 lq). Limits of detection ranged from 0.01 to 0.1 µg/L for seawater and
from 0.004 to 0.04 µg/g for shellfish. Values below the lq and above the ld are
considered to be positive for DA but at trace (tr) levels.
Results
ELISA and LC/MS/MS Method Comparison
The results of the ELISA and LC/MS/MS comparison indicated a high degree of
correlation between methods with r2 values of > 0.98 for seawater samples (n=13)
and > 0.96 for shellfish samples (n=9; Figure 4).

a

slope = 0.9939
r2 = 0.9825

b

slope = 1.005
r2 = 0.9610

Figure 4 Results of method comparison analyses for (a) seawater samples and (b)
shellfish samples
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This data demonstrates that the results of seawater and shellfish analyses
were very similar using both the LC/MS/MS and ELISA methods, leading to the
conclusion that each of these methods are reliable for estimating DA concentrations
in environmental samples.
St. Joseph Bay
Pseudo-nitzschia species occurrence and domoic acid in seawater
A total of 647 seawater samples were collected from SJB between 2004 and
2011. Pseudo-nitzschia species were present in 91% of the total samples
enumerated, with concentrations ranging from 333 to 1.26 x 10 7 cells/L (Figure 5).
Highest cell counts were recorded during the winter of 2004. Background levels of
Pseudo-nitzschia varied for each region of the study. For SJB, background levels
were determined to be ~ 5 x 104 cells/L. Blooms of Pseudo-nitzschia species (> 106
cells/L) occurred from spring to fall of most years except during 2006, 2008, and
2011. During 2006 peaks in cell abundance occurred in spring only, and during 2008,
blooms were observed in spring and summer. Pseudo-nitzschia species abundances
peaked in 2011 during the summer only.
Of the total number of water samples enumerated for Pseudo-nitzschia
species, 207 were analyzed for the presence of DA. Domoic acid was not always
detected in water samples when blooms of Pseudo-nitzschia species were present.
However the toxin was measured in 28% of samples analyzed for DA, with
particulate DA concentrations in these samples ranging from trace levels to 6.14
µg/L, and total DA in whole water samples ranging from trace levels to 9.75 µg/L
(Figure 5). Maximum concentrations of DA were detected in a whole water sample
collected in June 2011 when Pseudo-nitzschia species cell concentrations exceeded 6
x 106 cells/L. Particulate DA cell quota was calculated by dividing the particulate DA
concentration by the number of Pseudo-nitzschia cells per ml in the corresponding
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preserved sample. DA quotas for SJB ranged from 0.02 to 30.47 pg/cell (mean value
of 4.38 pg/cell DA, mean calculated from samples containing DA only [n=58], data
not shown).

Figure 5 Pseudo-nitzschia occurrence and domoic acid concentrations in seawater
from St. Joseph Bay
Domoic acid in biota
Multiple species of biota were collected from SJB and examined for the
presence of DA. Highest toxin levels (13.25 µg/g) were detected in American horse
mussels (Modiolus americanus) (Table 1). DA concentrations in other shellfish
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species ranged from <ld to 5.15 µg/g. Species examined included eastern oyster
(Crassostrea virginica), bay scallop (Argopecten irradians), prickly cockle
(Trachycardium egmontianum), and Atlantic coquina (Donax variabilis). DA
concentrations ranged from <ld to 4.42 µg/g in tissues from other invertebrate
species, with maximum levels of DA measured in a tunicate sample collected in June
2005.
Table 1 Domoic acid concentrations in invertebrates from St. Joseph Bay
n

DA (µg/g)

Crabs
Fiddler crab (Uca pugnax)
Hermit crab (Pagurus bernhardus)

4
1

<ld
<ld

Shellfish
American horse mussel (Modiolus modiolus)
Atlantic coquina (Donax variabilis)
Atlantic ribbed mussel (Geukensia demissa)
Bay scallop (Argopecten irradians)
Cross-barred venus (Chione cancellata)
Eastern oyster (Crassostrea virginica)
Prickly cockle (Trachycardium egmontainum)

1
4
11
5
1
26
1

13.25
<ld-0.05
<ld-0.48
0.06-2.19
0.01
<ld-5.15
0.27

1
15
1
2
12
1
5

0.15
<ld-0.03
0.07
<ld-0.01
<ld-0.01
<ld
0.05-4.42

Miscellaneous invertebrates
Banded tulip (Fasciolaria sp.)
Florida crown conch (Melongena corona)
Florida lace murex (Chicoreus sp.)
Florida rock shell
Marsh periwinkle (Littorina irrorata)
Sea urchin
Tunicate
<ld = below limit of detection

Various fish species were also examined including striped mullet (Mugil
cephalus), hardhead catfish (Ariopsis felis), Atlantic thread herring (Opisthonema
oglinum), and Spanish sardine (Sardinella aurita). DA was either not detected in fish
tissues or present at very low levels ranging from trace levels (above the limit of
detection but below the limit of quantification) to 0.05 µg/g (Table 2).
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Table 2 Domoic acid concentrations (µg/g) in fish tissues from St. Joseph Bay
n
Atlantic thread herring
8
(Opisthonema oglinum)
Hardhead catfish
3
(Ariopsis felis)
Scaled sardine
3
(Harengula jaguana)
Spanish sardine
1
(Sardinella aurita)
Striped mullet
4
(Mugil cephalus)
<ld = below limit of detection

Muscle

Liver

Stomach contents

<ld

<ld

<ld

<ld-0.05

<ld-0.02

<ld-0.03

<ld

<ld

<ld

<ld

<ld

<ld
0.01-0.03

Central West Florida
Pseudo-nitzschia species occurrence and domoic acid in seawater
A total of 3921 seawater samples were collected from CWFL between 2004
and 2011. Pseudo-nitzschia species were present in 89% of the samples
enumerated, with concentrations ranging from 333 to 6.4 x 106 cells/L (Figure 6).
Fluctuations in cell concentrations in this region indicated a pattern with peaks
occurring from spring through fall of each year. Routine monitoring facilitated the
establishment of a background level of ~ 2.5 x 105 cells/L for Pseudo-nitzschia
species in this region, as these concentrations were common in water samples
collected throughout each year. Concentrations above this background level were
considered to be a bloom.
Of the total number of samples collected, 693 were analyzed for the presence
of DA. Thirty two percent of these samples contained DA. Particulate DA
concentrations in the samples ranged from trace levels to 6.0 µg/L and whole water
concentrations reached a maximum of 10.21 µg/L. Calculated DA quotas ranged
from 0.01 to 18.38 pg/cell (mean value of 1.15 pg/cell DA, mean calculated from
samples containing DA only [n=120], data not shown). Maximum DA levels in this
region were measured in a whole water sample in June 2009 when Pseudo-nitzschia
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species cell counts exceeded 3 x 10 6 cells/L. Maximum DA concentrations detected
in seawater samples coincided with peaks in Pseudo-nitzschia species cell
concentrations for 2007, 2008, 2009, and 2010.

Figure 6 Pseudo-nitzschia occurrence and domoic acid concentrations in seawater
from central west Florida
Domoic acid in biota
Low levels of DA (<ld to 2.42 µg/g) were detected in eastern oysters from
CWFL in May of 2008, coinciding with a bloom of Pseudo-nitzschia species exceeding
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2 x 106 cells/L (Table 3). Atlantic coquinas (Donax variabilis) collected from CWFL
also contained low levels of DA (<ld to 1.39 µg/g). Domoic acid was not detected in
other shellfish species collected from this region, including hard clams (Mercenaria
sp.), bay scallops (Argopecten irradians) and calico scallops (Argopecten gibbus).
Table 3 Domoic acid concentrations in shellfish from central west Florida

Atlantic coquina (Donax variabilis)
Bay scallop (Argopecten irradians)
Calico scallop (Argopecten gibbus)
Eastern oyster (Crassostrea virginica)
Hard clam (Mercenaria sp.)
<ld = below limit of detection

n

DA (µg/g)

8
5
1
16
2

<ld-1.39
<ld
<ld
<ld-2.42
<ld

Southwest Florida
Pseudo-nitzschia species occurrence and domoic acid in seawater
A total of 5533 seawater samples were collected from SWFL between 2004
and 2011. Pseudo-nitzschia species were present in 89% of the total samples
enumerated with concentrations ranging from 333 to 4.31 x 10 7 cells/L (Figure 7).
Maximum Pseudo-nitzschia species concentrations were observed in October of
2009. Background levels of Pseudo-nitzschia species for this region were similar to
those for CWFL at ~ 2 x 105 cells/L. DA was detected in 25% of 229 samples
analyzed, which included the seawater samples with the highest DA concentrations
(both particulate and whole water) observed during the entire study.
Particulate DA concentrations ranged from <ld to 10.9 µg/L and in whole
water samples ranged from <ld to 47.01 µg/L (Figure 7). DA quotas for this region
ranged from 0.02 to 6.75 pg/cell (mean value of 0.79 pg/cell DA, mean calculated
from particulate samples containing DA only [n=43], data not shown) and in contrast
to the particulate and whole DA concentrations, were the lowest of the three regions
of Florida’s west coast.
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Figure 7 Pseudo-nitzschia occurrence and domoic acid concentrations in seawater
from southwest Florida
Maximum DA concentrations detected in seawater samples coincided with
peaks in Pseudo-nitzschia species cell abundances during 2007, 2009, and 2011. As
was observed in SJB and CWFL, peaks in cell abundance occurred from spring
through fall of each year.
Domoic acid in biota
Multiple shellfish species were analyzed for the presence of DA from this
region. DA concentrations ranged from <ld to 1.09 µg/g (Table 4). Highest
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concentrations were found in hard clam (Mercenaria sp.) during September 2010.
Other bivalve species examined include calico scallop (Argopecten gibbus), bay
scallop (Argopecten irradians), Atlantic coquina (Donax variabilis) and green mussel
(Perna viridis). Various other invertebrate species from SWFL were collected and
analyzed for the presence of DA (lightning whelk [Busycon perversum pulley],
tunicate, and banded tulip [Fasciolaria lillium]); however, most samples tested below
the limit of detection. One stone crab (Menippe mercenaria), and two calico crabs
(Hepatus epheliticus) were tested. DA was detected at trace levels in one calico crab
collected during September 2009, but concentrations were below the level of
quantification.
Table 4 Domoic acid concentrations in invertebrates from southwest Florida
n

DA (µg/g)

Crabs
Calico crab (Hepatus epheliticus)
Stone crab (Menippe mercenaria)

2
1

<ld-tr
<ld

Shellfish
Atlantic coquina (Donax variabilis)
Bay scallop (Argopecten irradians)
Blood ark clam (Anadara ovalis)
Broad-ribbed cardita (Carditamera floridana)
Calico scallop (Argopecten gibbus)
Cross-barred venus (Chione cancellata)
Green mussel (Perna viridis)
Hard clam (Mercenaria sp.)

7
1
2
34
4
27
1
413

<ld-0.01
<ld
<ld
<ld-0.09
<ld-0.01
<ld-0.05
<ld
<ld-1.09

1
1
6
4

<ld
<ld
<ld
<ld

Miscellaneous invertebrates
Banded tulip (Fasciolaria sp.)
Florida crown conch (Melongena corona)
Lightning whelk (Busycon perversum pulleyi)
Tunicate
<ld = below limit of detection; tr = trace
Indian River Lagoon

Pseudo-nitzschia species occurrence and domoic acid in seawater
A total of 446 seawater samples were collected from the IRL between 2004 and
2011. Pseudo-nitzschia species were present in 56% of the total seawater samples
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enumerated with concentrations ranging from 333 to 4.93 x 107 cells/L (Figure 8).
These were the highest abundances of Pseudo-nitzschia species during the entire
study; however, no DA was detected in any of the 27 seawater samples analyzed. It
should be noted that this was a smaller sample set compared to the other three
regions.

Figure 8 Pseudo-nitzschia occurrence and DA in seawater from the Indian River
Lagoon
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Domoic acid in biota
21 hard clam (Mercenaria sp.) samples were collected from the IRL between
2004 and 2011, and similarly no DA was detected.
Table 5 Summary of Pseudo-nitzschia species (Pn) abundances, toxin concentrations
in water (both particulate [pDA], and cellular [cDA] DA), and biota for each region
from 2004 to 2011. SJB = St Joseph Bay; CWFL = central west Florida; SWFL =
southwest Florida; IRL = Indian River Lagoon
Region

Pn (cells/L)
7

pDA (µg/L)

cDA (pg/cell)

DA in biota (µg/g)

<ld - 6.14

0.02 - 30.47

<ld - 13.25

SJB

<ld - 1.26 x 10

CWFL

<ld - 6.4 x 106

<ld - 6.0

0.01 - 18.38

<ld - 2.42

SWFL

<ld - 4.31 x 107

<ld - 10.9

0.02 - 6.75

<ld - 1.09

<ld

<ld

IRL
<ld - 4.93 x 107 <ld
<ld, below limit of detection

Discussion
It is evident from the results of this study that Pseudo-nitzschia species are
common members of phytoplankton communities in coastal and estuarine waters of
Florida and can often be found at high cell densities. However, a combination of
factors makes it difficult to predict DA transfer in coastal Florida food webs based on
cell concentrations alone. First, not all species of Pseudo-nitzschia are toxigenic.
Moreover, toxin production among strains of Pseudo-nitzschia is known to vary
greatly and can depend on the physiological condition of cells (Bates, 1998) or the
composition of species present during a bloom. Field and laboratory studies have
demonstrated varying levels of toxicity between species of Pseudo-nitzschia, and
evidence suggests that smaller species of Pseudo-nitzschia produce less toxin per cell
than larger species (Baugh et al., 2006; Trainer and Suddleson, 2005). DA
production has also been associated with silicate, phosphate, iron and/or copper
limitation (Bates, 1998; Maldonado et al., 2002; Rue and Bruland, 2001; Wells et al.,
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2005), and can even depend on which forms of nitrogen are present (Cochlan et al.,
2005).
Representatives of the genus were present in >89% of samples enumerated
over an eight year period. Highest Pseudo-nitzschia species cell abundances for the
entire study period (4.93 x 107 cells/L) were recorded from the Indian River Lagoon
on Florida’s east coast (Figure 8). Blooms of Pseudo-nitzschia were observed
annually between 2004 and 2011 in this region; however no DA was detected in any
of the seawater or shellfish samples analyzed. The IRL is predominantly a closed
system comprised of a number of ecologically distinct regions. The unique
environmental conditions associated with the IRL could be a contributing factor in the
apparent lack of DA production by resident populations of Pseudo-nitzschia. However
it is also possible that Pseudo-nitzschia species in the IRL do not produce DA for
reasons unrelated to environmental conditions. Several studies have identified P.
calliantha as a dominant member of the phytoplankton assemblage in the IRL
(Badylak et al., 2006; Phlips et al., 2011; Phlips et al., 2004). Although this species
has been shown to be toxigenic in other regions of the globe, results of the present
study suggest that populations of P. calliantha in the IRL do not produce DA.
Domoic acid concentrations measured in water samples from the west coast
of Florida (SJB, CWFL, and SWFL) were comparable to results reported in other
studies conducted in the northern and eastern Gulf of Mexico (Del Rio et al., 2010;
MacIntyre et al., 2011; Twiner et al., 2011). Particulate DA concentrations reached a
maximum of 10.9 µg/L (Figure 7), which is similar to the maximum particulate DA
concentration of 8.03 µg/L measured in seawater samples from coastal Alabama in
May 2005 (MacIntyre et al., 2011). Furthermore mean DA cell quotas observed
during this study (0.79 to 4.38 pg/cell) were similar to those observed in field
samples from the northern Gulf of Mexico (MacIntyre et al., 2011; Parsons et al.,
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1999), but were an order of magnitude lower than those reported during a bloom of
Pseudo-nitzschia australis off the coast of California (7 to 75 pg/cell) which resulted
in a mass mortality of sea lions (Scholin et al., 2000). Lowest mean cell quotas of DA
(0.79 pg/cell) for the entire study were recorded from SWFL. In contrast, SJB had
the highest mean cell quotas of DA (4.38 pg/cell). Recent research has revealed
significant differences in cell toxin quotas between species of Pseudo-nitzschia, and it
has been suggested that larger species such as P. australis are potentially capable of
producing more DA per cell (Baugh et al., 2006; Thessen et al., 2009). Therefore
averaging DA cell quotas to the total number of cells could underestimate toxicity
when there is heterogeneity in the population. The distribution of toxigenic and nontoxigenic species of Pseudo-nitzschia in Florida coastal waters has not yet been
determined, and identification to species was not performed for most of the samples
in this study. Multiple species in the Pseudo-nitzschia pseudodelicatissima/cuspidata
complex have been found to dominate bloom samples along the east and west coasts
of Florida (Wolny et al., 2005). Species in the P. pseudodelicatissima/cuspidata
complex are significantly smaller than other species in the genus and apparently
produce less DA per cell (Baugh et al., 2006). However, more research is needed to
determine if this is the reason for the overall low DA production by Pseudo-nitzschia
species observed in Florida waters.
Concentrations of DA in American horse mussels (Modiola modiolus; 13.25
µg/g) collected from SJB in early June 2005 approached the internationally
recognized regulatory limit for DA in shellfish (20 µg/g)(Table 1). However, toxin
levels in all other biota samples were at least an order of magnitude below this limit.
Mussels have been shown to have rapid uptake and depuration rates for DA (hours
to days) in comparison to other bivalve species (Blanco et al., 2002b; Mafra et al.,
2009), and although water samples collected in conjunction with horse mussels
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contained low numbers of Pseudo-nitzschia species (maximum of 41 x 103 cell/L) and
low levels of DA (0.01 µg/L) it can be inferred that the mussels had been exposed to
a bloom of toxigenic Pseudo-nitzschia. Samples collected from SJB two weeks prior
(in mid-May 2005) contained up to 8.85 x 105 Pseudo-nitzschia cells/L (Figure 5) but
little or no DA was measured, whereas samples from April of 2005 had fewer
Pseudo-nitzschia cells (up to 2.2 x 105 cells/L) but higher DA (1.7 µg/L), suggesting
that conditions that influence toxin production or Pseudo-nitzschia species
composition can change quickly in this system. A study by Lefebvre et al. (2002) on
DA accumulation in planktivorous fish in California waters documented the presence
of DA in fish tissues only while a bloom of Pseudo-nitzschia was ongoing, indicating
rapid depuration of DA by the fish. Therefore observed low levels of DA in muscle
(trace) and stomach contents (0.02 µg/g) of a scaled sardine (Harengula jaguana)
(Table 2) collected on the same date as the horse mussels provide additional
evidence of a recent bloom of toxic Pseudo-nitzschia in SJB. These results also
suggest an ephemeral nature of blooms of Pseudo-nitzschia in SJB.
Other studies have highlighted the role of planktivorous fish species as
vectors of algal toxins to higher trophic levels. Filter-feeding fish exposed to
brevetoxins produced by the dinoflagellate Karenia brevis are capable of remaining
healthy while toxins accumulate to high concentrations in their tissues (Naar et al.,
2007). Moreover, evidence provided by Del Rio et al. (2010) demonstrated that DA
was likely to be found in the planktivorous fish species Brevoortia patronus (gulf
menhaden) simultaneously when DA was detected in water samples. Gulf menhaden
and other filter-feeding fish are common prey items for Gulf of Mexico marine
mammal and fish species such as bottlenose dolphins (Tursiops truncatus) (Hinton
and Ramsdell, 2008), and Atlantic sharpnose sharks (Rhizoprionodon terraenovae)
(Bethea et al., 2004), and are demonstrated vectors of lethal levels of algal toxins to
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dolphins (Flewelling et al., 2005). Planktivorous Gulf menhaden were not among the
species of fish examined during this study; however, tissues of carnivorous fish
species did contain low levels of DA when DA was present in water samples. The
majority of planktivorous fish species examined from SJB during the present study
did not contain DA (Table 2), presumably because they were collected during nonbloom periods. Overall, however, the levels of DA detected in fish species from SJB
were several orders of magnitude below those observed in anchovies and sardines
(0.27 to 223 µg/g) associated with marine mammal mortalities off the California
coast (Lefebvre et al., 1999; Scholin et al., 2000).
Interestingly, aside from shellfish, of all the invertebrate specimens examined
from SJB, a tunicate sample collected during June 2005 (collected on the same date
as the DA contaminated horse mussels) contained comparatively high concentrations
of DA (4.42 µg/g)(Table 1). The Florida manatee (Trichechus manatus), one of the
most endangered marine mammals in the U.S., has been observed feeding on
tunicates while foraging in seagrass beds and near boat docks (Courbis and Worthy,
2003), and tunicates were implicated as lethal vectors of brevetoxins to manatees in
a 1982 mass mortality event (O'Shea et al., 1991). Pelagic tunicates have been
documented as the second most important prey group for loggerhead sea turtles
(Caretta caretta) (Tomas et al., 2001). Furthermore tunicates are known prey items
of invertebrates and marine mammals in coastal waters of Chile, and are also eaten
raw by inhabitants of Chile and Peru as a delicacy (Lopez-Rivera et al., 2009).
However, concentrations of DA detected in tunicates during the present study were
an order of magnitude lower than the maximum levels of DA (32.7 µg/g) measured
in tunicates from Chilean waters. Since the discovery of the toxin DA, shellfish are
the only organisms identified as vectors of DA to humans (Bates et al., 1989).
Tunicates are not known to be consumed by humans in the Gulf of Mexico and
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therefore an outbreak of ASP due to the consumption of tunicates contaminated with
DA is highly unlikely. However, the finding of DA in tunicates reveals a threat to
marine mammals and sea turtles and suggests that it would be worthwhile to
investigate DA accumulation in other species of invertebrates that humans are more
likely to consume.
The present study highlights several interesting points about Pseudo-nitzschia
in the eastern Gulf of Mexico. First, this study documents the presence and frequent
high densities of toxigenic Pseudo-nitzschia species in Florida coastal waters.
Additionally, this research has identified multiple invertebrate species as potential
vectors of DA to higher trophic levels. In light of this and other Gulf of Mexico studies
documenting the accumulation of DA in bottlenose dolphins (Tursiops truncatus)
(Twiner et al., 2011) and their prey (Del Rio et al., 2010), the potential for trophic
transfer of toxin and hence for DA poisoning of marine life to occur in this region
cannot be dismissed. Furthermore, this is the first study to examine DA accumulation
in shellfish in the Gulf of Mexico. Where human health is concerned, low levels of DA
detected in species of commercial and recreational shellfish species during this study
suggest that the probability for ASP to occur is low. Nonetheless, considering that
blooms of Pseudo-nitzschia are increasing in frequency in the northern Gulf (Parsons
et al., 2002), and that the exact conditions influencing DA production by Pseudonitzschia species have not yet been established, a more comprehensive study on DA
in shellfish in this region is required.
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CHAPTER 2: DOMOIC ACID IN SEAWATER AND SHELLFISH FROM
TAMPA BAY FLORIDA, 2009-2011

Introduction
Toxigenic phytoplankton such as the diatom Pseudo-nitzschia pose the largest
threat to human health through the accumulation of DA in filter-feeding marine
organisms. Human consumption of shellfish contaminated with DA can result in
amnesic shellfish poisoning (ASP), which induces memory loss, and in severe cases
can lead to death (Perl et al., 1989). ASP was first recorded in Canada in 1987
following human consumption of blue mussels (Mytilus edulis) contaminated with DA
(Quilliam and Wright, 1995; Todd, 1993). DA levels measured in mussels during the
Canadian ASP event were extremely high (> 200 µg/g) (Todd, 1993) and following
this incident a regulatory limit for human consumption of shellfish was established
(20 µg DA/g shellfish). Since the ASP incident in Canada, DA has been detected in a
variety of shellfish throughout the world including the U.S. (Horner and Postel,
1993), Australia (Takahashi et al., 2007), New Zealand (Rhodes et al., 1996), and
Europe (Amzil et al., 2001; Gallacher et al., 2001; Miguez et al., 1996; Vale et al.,
2008; Vale and Sampayo, 2001). There have been no further confirmed instances of
human intoxication due to DA; however, accumulation and retention of the toxin to
high levels in shellfish has resulted in extensive harvesting closures in Europe, most
notably in Scottish coastal waters (Arevalo et al., 1998; Gallacher et al., 2001).
Additionally, blooms of toxic Pseudo-nitzschia have been the cause of multiple
closures of both recreational and commercial harvesting of shellfish and other
invertebrate species along the west coast of the U.S. during the past two decades
(Horner and Postel, 1993; Trainer et al., 2007). Current monitoring programs in this

40

region have been effective at preventing acute DA poisoning in humans, and several
state agencies including those in Oregon, Washington, California, and Alaska
regularly monitor multiple shellfish species for DA (Trainer, 2002).
Shellfish harvesting in the Gulf of Mexico has both economical and
recreational importance, with the state of Louisiana leading the U.S. in the
production of eastern oysters (Crassostrea virginica) for human consumption
(Louisiana Department of Wildlife and Fisheries, L.D.W.F., 2008). To date there have
been no closures of shellfish harvesting due to DA in the Gulf of Mexico despite the
presence of high abundances of Pseudo-nitzschia and DA measured in water samples
collected from areas containing oyster beds (Dortch et al., 2006; Dortch et al.,
1997). The hard clam (Mercenaria mercenaria) has become one of the most
economically important aquaculture species in Florida during the last two decades
(Arnold et al., 2000). Toxigenic Pseudo-nitzschia species have been observed in
Florida coastal waters (Chapter 1, Twiner et al., 2011), however, there have been no
documented incidences of ASP due to consumption of shellfish. Moreover, no
previously published reports exist that document DA in shellfish from Florida or Gulf
of Mexico waters. In light of a potential increase in blooms of toxigenic Pseudonitzschia in response to coastal eutrophication (Parsons et al., 2002), it is important
to assess the risk of ASP in areas where shellfish are in proximity to blooms of
toxigenic Pseudo-nitzschia species.
A first look at DA in seawater and biota from Florida coastal waters revealed
the presence of the toxin in water samples and in multiple species of fish and
invertebrates (Chapter 1). The primary goal of the present study was to further
characterize the extent to which DA occurs in marine food webs of this region by
examining DA concentrations in seawater and shellfish samples collected from both
coastal and estuarine sites in the region of Tampa Bay, Florida on a routine basis
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between 2009 and 2011. Additionally, statistical analyses were conducted to
determine whether any relationships existed between Pseudo-nitzschia species
abundances and DA, and environmental parameters.
Methods
Study Area
Five routine sites were established in Tampa Bay, Florida (27.69oN, 82.58oW)
in January 2009 to investigate the occurrence and extent of DA bioaccumulation in
shellfish (Figure 9). Tampa Bay, situated on the Gulf coast of central Florida, is the
state’s largest open-water estuary, and consequently experiences wide fluctuations
in both temperature and salinity (Schmidt and Luther, 2002). Water samples were
collected biweekly over a two year period (January 2009 to December 2011).
Additionally, 5 to 10 specimens of eastern oysters (Crassostrea virginica) were
collected biweekly from three of the five sites between 2009 and 2011 (Pinellas
Point, Mullet Key Boat Ramp, Veterans Park) (Figure 9). Sites for shellfish collection
were chosen based on the presence of large sections of oyster reefs, combined with
easy access from shore. Additionally, of the five sites, two (Mullet Key Boat Ramp
and Mullet Key Bay Pier) were located in areas that are conditionally approved for
shellfish harvest by the Florida Department of Agriculture and Consumer Services
(FDACS). Another site (Pinellas Point) was located in prohibited waters but was very
close (< 1 mile) to approved harvesting areas. Beginning in February 2010 chum
cages containing cultivated hard clams (Mercenaria sp.) obtained from Bay Shellfish
Ltd. (Terra Ceia, Florida, U.S.A.) were placed at sites adjacent to the oyster beds,
and collection of 3 clams from each site was incorporated into biweekly sampling.
Cage clams were replaced at each site every two months. Before deployment of each
new batch of clams, a subset was tested for DA to ensure that no DA was present.
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Other species of shellfish (bay scallop [Argopecten iradians], horse mussel [Modiolus
modiolus]) were collected opportunistically.

Figure 9 Locations of routine sample sites in Tampa Bay.

Sample Collection and Enumeration of Pseudo-nitzschia Species
Water samples were collected from just below the surface in 1 L clear
polyethylene Nalgene sample bottles. Subsamples were preserved by filling 125 ml
amber polyethylene Nalgene bottles containing 3 ml of unacidified Lugol’s Iodine
preservative (final concentration 2%). Bottles containing Lugol’s were inverted
multiple times to ensure even distribution of fixative. All water samples were stored
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in a cooler without ice prior to processing in the lab. Prior to enumeration each
Lugol’s preserved sample was inverted 20 times to ensure an even distribution of
cells. A 3 ml aliquot was then removed, placed in a well on a 24-well culture plate,
and allowed to settle for at least 30 minutes. Samples were counted on an Olympus
CK30 inverted microscope under a 10X objective, according to Utermohl (1958).
Pseudo-nitzschia were identified to genus level and all cells identified as Pseudonitzschia species were counted and converted to cells/L. All samples were
enumerated and processed for DA regardless of the presence or absence of Pseudonitzschia species. Oysters, clams and other shellfish species were collected by hand,
stored separately in polyethylene bags, and held on ice in a cooler for transport to
the laboratory. Supporting water quality measurements (temperature, salinity,
conductivity, dissolved oxygen, pH) were recorded at each sample site using a YSI
water quality meter (YSI Inc., Yellow Springs, Ohio, U.S.A.)
Extraction and Quantification of Domoic Acid
Within 24 hours of collection whole seawater (250 to 500 ml) was filtered
through a 25 mm Whatman GFF filter for determination of particulate DA and either
extracted immediately or stored at -20oC for a maximum of 2 weeks. Filters were
extracted in 5 ml of 20% aqueous methanol, vortexed for 1 min. and centrifuged at
4000 rpm for 10 min.
Shellfish samples were stored at -20oC for a maximum of one month and
thawed prior to processing. Shellfish specimens were pooled according to species.
Thawed samples were homogenized and extracted using 50% aqueous methanol
(7.5 ml/g tissue). Water and tissue extracts were stored at -20OC until analyzed.
Extracts were screened for DA, either by enzyme linked immunosorbant assay
(ELISA, Biosense Laboratories, Bergen, Norway)(Garthwaite, 2000; Garthwaite et
al., 1998), or by high performance liquid chromatography with tandem mass
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spectrometry (LC/MS/MS). Prior to LC/MS/MS analysis sample extracts were filtered
through 35mm, 0.2 µm PVDF Filters (Fisher Scientific). LC/MS/MS analysis was
performed on an Acquity UPLC system coupled to a Quattro Micro triple quadrupole
mass spectrometer, operated in positive ion mode (ESI+) according to a method
adapted from Wang et al. (2007). Separations were performed on an Acquity UPLC
BEH C18 1.7 µm column (2.1 x 100 mm). Mobile phase consisted of Nanopure water
(A) and acetonitrile (B) in a binary system with 0.1% acetic acid as an additive. The
UPLC was operated using a gradient elution: 5% B for 5.62 min, 40% B for 0.53 min,
95% B for 1.6 min, 5% B for 1.33 min, with a total run time of 9.10 min. Injection
volume was 10 µL with a flow rate of 0.4 mL min-1 and a column temperature of
40oC. The detection of domoic acid by mass spectrometer was achieved by multiple
reaction monitoring (MRM) using the following instrument parameters: positive ion
mode ESI; capillary voltage, 4.0 kV; cone voltage, 28 V; extraction cone voltage, 2
V; source temperature, 120ºC; desolvation temperature, 500ºC; desolvation gas
flow 600 L N/hr; and cone gas 25 L N/hr. MRM transitions from the protonated DA
ion were monitored using optimized collision energies for the following transitions:
311.8 > 248.0 and 311.8 > 265.8. DA certified reference standard purchased from
the National Research Council (NRC), Halifax, Canada, was used to generate a
standard curve for quantitation of DA in samples. DA detection methods (ELISA,
LC/MS/MS) used during this study had varying limits of detection (ld) and limits of
quantitation (lq) (ld=~1/3 lq). Limits of detection ranged from 0.01 to 0.1 µg/L for
seawater and from 0.004 to 0.04 µg/g for shellfish. Values below the lq and above
the ld are considered to be positive for DA but at trace (tr) levels.
Statistical Analyses
Both parametric and non-parametric tests were conducted to explore the
relationships between environmental parameters (temperature, salinity, dissolved

45

oxygen, pH) and biological parameters (Pseudo-nitzschia abundance, particulate DA
and cellular DA) using SigmaPlot (version 12). Linear regression analyses were
performed on Pseudo-nitzschia abundances and temperature, salinity, dissolved
oxygen, and pH. Pseudo-nitzschia abundances were log-transformed to conform to
the requirements of normality before regressions were conducted. Linear regression
analysis uses the coefficient of determination (r2) to express the strength of the
relationship between two variables. Relationships determined for Pseudo-nitzschia
abundance, particulate DA, and cellular DA with environmental parameters only used
data from sites where Pseudo-nitzschia were present, as the inclusion of samples
where Pseudo-nitzschia were not detected skewed the data. Particulate and cellular
DA concentrations could not be transformed to meet the assumption of normality,
therefore Spearman’s rank correlation analyses were conducted to examine the
relationships that existed between concentrations of DA (both particulate and
cellular) and environmental parameters. The Spearman’s rank difference correlation
coefficient (rs) indicates the strength of general monotonic relationships by
measuring the association between ranks of variables.

Results
Trends in Pseudo-nitzschia Species Occurrence in Tampa Bay
A total of 366 seawater samples were collected from the five study sites
between 2009 and 2011. Pseudo-nitzschia species were present in 81% of the total
samples enumerated, with concentrations ranging from 333 to 8.34 x 105 cells/L
(Figure 10). Highest cell concentrations were recorded in June 2010. Blooms of
Pseudo-nitzschia occurred during summer each year with smaller secondary peaks in
fall. Recorded temperatures followed a seasonal pattern as expected in coastal
temperate waters, and ranged from 13 to 38oC (Figure 10). Salinity ranged from
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23.4 to 36.9 and showed a similar trend to temperature with small peaks observed
during summer and fall each year.

Figure 10 Maximum Pseudo-nitzschia species abundances (cells/L) and maximum
temperature (oC) and salinity values recorded between 2009 and 2011 for five study
sites in Tampa Bay
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A sharp drop in both temperature and salinity in early July 2009 (Figure 10)
suggests an increase in freshwater input into the bay during that time. At each site
where shellfish were collected, peaks in Pseudo-nitzschia species abundances were
observed from summer to fall each year (Figure 11). Pseudo-nitzschia species cell
concentrations ranged from not present to maxima of 6.54 x 105 cells/L at Pinellas
Point, 2.05 x 105 cells/L at Mullet Key Boat Ramp, and 1.32 x 105 cells/L at Veterans
Park.
Domoic Acid in Seawater
All 366 water samples were analyzed for the presence of DA. Domoic acid was not
always found in water samples when blooms of Pseudo-nitzschia species were
present. The toxin was detected in 5% of samples tested with particulate DA
concentrations ranging from <ld to 0.64 µg/L. Maximum concentrations of DA were
detected in a water sample collected from Veterans Park in September 2010 when
Pseudo-nitzschia species cell concentrations were 1.32 x 105 cells/L (Figure 11).
Samples collected from Pinellas Point during August 2011 when cell concentrations
reached a maximum of 2.2 x 105 cells/L did not contain DA (Figure 11). Pseudonitzschia species cell abundances and particulate DA concentrations were used to
calculate per cell quotas of DA which ranged from 0.61 to 25.8 pg/cell (mean = 4.93
pg DA/cell, calculated from samples containing DA only [n=17], data not shown).
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Figure 11 Pseudo-nitzschia species occurrence and maximum DA concentrations in
water (particulate, µg/L) and shellfish (µg/g) at three sites in Tampa Bay from 2009
to 2011
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Pseudo-nitzschia Abundance and Domoic Acid in Relation to Environmental
Conditions
Pseudo-nitzschia species abundances and particulate DA concentrations were
plotted against temperature and salinity (Figure 12). Sixty six percent of samples
containing cell concentrations in excess of 104 cells/L, and 88% of samples in which
particulate DA was detected fell within a salinity range of 31 to 37 (Figure 12).
Furthermore, of the samples that contained particulate DA, 81% fell within a
temperature range of 27oC to 32oC.
Log transformed Pseudo-nitzschia species abundances were correlated with
environmental variables via linear regression. A weak but significant positive
relationship was found between Pseudo-nitzschia species concentrations and
temperature (r2=0.139, p=<0.0001, n=274). Weak but significant positive
relationships were also observed between Pseudo-nitzschia abundances and
dissolved oxygen (r2=0.031, p=0.004, n=274) and pH (r2=0.017, p=0.034, n=274),
and no significant correlation existed between Pseudo-nitzschia abundances and
salinity.
Spearman’s rank correlation coefficients and associated significance values for
relationships of particulate and cellular DA with environmental variables are given in

Table 6. A significant but weak positive relationship was found between Pseudonitzschia abundance and particulate DA (rs=0.27, p=<0.001, n=337, data not
shown), reflecting the finding that toxin was not always present when blooms of
Pseudo-nitzschia were present. A strong positive correlation was observed between
cellular DA and particulate DA (rs=0.97, p=<0.0001, n=337) (Table 6). Significant
but weak positive relationships were found between particulate DA and temperature
(rs=0.16, p=0.003, n=336), between particulate DA and salinity (rs=0.17, p=0.002,
n=336), between cellular DA and temperature (rs=0.15, p=0.006, n=336), and
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between cellular DA and salinity (rs=0.19, p=0.001, n=336). No significant
correlation was observed between particulate or cellular DA and dissolved oxygen
and significant but weak negative relationships existed between particulate DA and
pH (rs=-0.243, p=<0.0001, n=336) and cellular DA and pH (rs=-0.241, p=<0.0001,
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Figure 12 Pseudo-nitzschia species abundances and particulate DA concentrations
vs. temperature and salinity for all five study sites. Samples in which Pseudonitzschia were not detected were excluded for statistical analyses of abundance with
temperature and salinity and are therefore not included in those graphs
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Table 6 Spearman’s rank correlation coefficients (rs) for particulate and cellular DA
concentrations with environmental variables. For each entry of rs, the subscript
indicates the number of observations used in the correlation. P = significance at the
95% confidence level
Particulate DA

Cellular DA

rs

P

rs

P

Particulate DA

1.000

1.000

0.970(337)

0.000

Cellular DA

0.970(337)

0.000

1.000

1.000

Temperature

0.161(336)

0.003

0.148(336)

0.006

Salinity

0.171(336)

0.002

0.186(336)

0.001

Dissolved oxygen

-0.081(317)

0.146

-0.070(317)

0.213

pH

-0.223(318)

0.000

-0.223(318)

0.000

Domoic Acid in Shellfish
A total of 316 shellfish samples were analyzed for DA. Species examined were
eastern oyster (Crassostrea virginica), hard clam (Mercenaria sp.), bay scallop
(Argopecten irradians), and hooked mussel (Ischadium recurvum). Low levels of DA
ranging from tr to 2.35 µg/g were detected in 14% of samples analyzed. Highest
toxin levels were detected in clams collected from Mullet Key Boat Ramp during a
bloom of Pseudo-nitzschia species in September 2010 (Figure 11). Interestingly, DA
was present in shellfish tissues on multiple occasions when no Pseudo-nitzschia cells
or toxin were detected in associated water samples. For example, a scallop collected
from Mullet Key Boat Ramp in February 2009 contained 0.22 µg DA/g tissue when no
Pseudo-nitzschia cells or DA were present in water samples (Figure 11), and oysters
collected from Mullet Key Boat Ramp and Veterans Park during fall 2009 tested
positive for DA in the absence of Pseudo-nitzschia cells and toxin in corresponding
water samples. Similar observations were made in Chapter 1, where DA was
detected in tissues of fish and invertebrates in the absence of Pseudo-nitzschia cells
or toxin in water samples.
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Table 7 DA concentrations detected in shellfish from Tampa Bay
Species
Argopecten irradians (bay scallop)
Crassostrea virginica (eastern oyster)
Ischadium recurvum (hooked mussel)
Mercenaria sp. (hard clam)
<ld = below limit of detection

n

DA (µg/g)

3
232
1
80

<ld-0.22
<ld-1.14
<ld
<ld-2.35

Wild oysters contained low levels of DA at all three shellfish sites during
blooms of Pseudo-nitzschia in summer and fall of 2009 (Table 8). No toxin data
exists for clams for comparison from this period, as they were not deployed at each
site until early 2010. During 2010 and 2011 when oysters and clams were examined
side by side, there was no significant difference in levels of DA observed between the
two species (Wilcoxon signed-rank test).
Table 8 Maximum DA concentrations (µg/g) detected in oysters and clams at
shellfish sites during Pseudo-nitzschia blooms from 2009 to 2011
Pinellas Point
oysters
clams

Mullet Key Boat
Ramp
oysters
clams

Veterans Park
oysters
clams

Bloom Period
Summer 2009
Fall 2009

0.13
0.01

-

0.33
0.06

-

1.14
0.03

-

Summer 2010
Fall 2010

<ld
0.68

<ld
1.94

0.15
0.48

tr
2.35

tr
0.13

-

Summer 2011
<ld
<ld
0.09
tr
Fall 2011
tr
tr
0.52
0.13
<ld = below limit of detection; tr = trace; – = no sample

0.21
tr

0.53
0.18

Discussion
Evidence from both field and laboratory studies have demonstrated a wide
salinity tolerance for the genus Pseudo-nitzschia which is consistent with their
euryhaline distribution (Doucette et al., 2008; Thessen et al., 2005; Villac et al.,
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2004). Pseudo-nitzschia cells were observed in the majority of samples collected
during the three year study and were found in both coastal and estuarine regions of
Tampa Bay, suggesting that they are dominant members of phytoplankton
assemblages in this region. Pseudo-nitzschia species have been observed in Tampa
Bay since the 1960’s (Saunders et al., 1967), and recent research has shown that
Pseudo-nitzschia can reach concentrations in excess of 10 6 cells/L in the bay
(Badylak et al., 2007). Based on the relationship of Pseudo-nitzschia abundance and
salinity found during this study (Figure 12), higher salinities seem to encourage cell
growth. Results of other studies in the Gulf of Mexico support this apparent
preference of Pseudo-nitzschia for higher salinities, and representatives of the genus
have been observed to grow best at salinities of 30 to 45 (Dortch et al., 1997;
Thessen et al., 2005). Maximum densities of Pseudo-nitzschia observed at sites
during this study (8.34 x 105 cells/L)(Figure 10) were an order of magnitude lower
than previous observations of Pseudo-nitzschia from this region of central west
Florida (Badylak et al., 2007, , Chapter 1), presumably due to the estuarine locations
of the majority of sites.
In addition to having a wide salinity tolerance, Pseudo-nitzschia species are
also known to be highly tolerant of varying temperatures, with studies demonstrating
their ability to survive under ice in eastern Canada at temperatures as low as -1.5oC.
(Bates et al., 1989) and in warm waters of the Gulf of Mexico at temperatures up to
30oC (Dickey et al., 1992; Reap, 1991). Pseudo-nitzschia species were observed
across a broad range of temperatures during this study (13 to 38oC) but there was a
tendency for higher concentrations of cells to be found in the 27 to 32 oC temperature
range. Liefer et al. (2009) recorded similar observations in Alabama coastal waters
with high densities of Pseudo-nitzschia found at temperatures of 22 to 28oC. Pseudonitzschia were not identified to species level in Tampa Bay; however, multiple
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species within the genus have been shown to co-occur during blooms in the northern
Gulf of Mexico (Dortch et al., 1997; Parsons et al., 1999). Moreover, other research
conducted in the northern Gulf highlighting the possibility of distinct interspecific
temperature preferences for growth within the genus (Dickey et al., 1992; Fryxell et
al., 1990; Parsons et al., 1998) agrees with the finding of Pseudo-nitzschia species
cells over a broad range of temperatures during the present study.
An analysis of Pseudo-nitzschia species abundances at five routine sites in
Tampa Bay during the present study revealed a temporal pattern with peaks
occurring in summer followed by smaller secondary peaks in fall of each year (Figure
10). Similar patterns in annual Pseudo-nitzschia species abundance have been
recorded from the northern Gulf of Mexico (Liefer et al., 2009; Parsons et al., 1998).
Observed peaks in Pseudo-nitzschia densities in summer are likely associated with an
increase in nutrients due to run-off from large increases in precipitation during the
summer months as has been documented in the northern Gulf (Liefer et al., 2009),
in addition to increased water temperatures associated with the wet season in
Florida. Smaller peaks in fall could be explained by an increase in frequency of cold
fronts, leading to mixing of the stratified water column and subsequent increased
nutrient supply to surface waters.
Seawater samples containing low levels of DA collected during high density
blooms of Pseudo-nitzschia species (> 106 cells/L) have been documented from
southwest Florida coastal waters (Twiner et al., 2011). During the present study DA
was detected in water samples containing Pseudo-nitzschia species cell
concentrations as low as 2.3 x 104 cells/L. However, maximum particulate DA
concentrations (0.64 µg/L) detected in samples from Tampa Bay were at least three
times lower than levels observed in a bloom off California (>2 µg/L) that resulted in
mass mortalities of sea lions (Scholin et al., 2000). A significant but weak positive
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relationship was found between Pseudo-nitzschia abundance and particulate DA
concentrations but at times particulate DA was undetectable or low despite the
presence of moderate to high numbers of Pseudo-nitzschia cells (Figure 11). Similar
observations have been made in waters off the west coast of the U.S. where it is
common for potentially toxic Pseudo-nitzschia species to be present without DA
being detected in associated water samples (Trainer et al., 2000; Trainer et al.,
2009a). These results highlight the fact that the mechanisms influencing DA
production in Pseudo-nitzschia are not yet fully understood. Highest particulate DA in
water samples was observed during warm months (Figure 11). Correlations between
particulate DA and cellular DA and temperature and salinity were either not
significant or extremely weak (Table 6). However there appears to be a range of
temperatures (27 to 32oC) and salinities (32 to 37) favorable for DA production by
Pseudo-nitzschia species in Tampa Bay (Figure 12). No significant relationship was
observed between Pseudo-nitzschia abundance or particulate DA and dissolved
oxygen. A prior study demonstrated increased toxicity in various Pseudo-nitzschia
species at high pH (Lundholm et al., 2004); however, this was not confirmed by the
results of the present study due to the fact that the range of pH was small during the
present study.
Pacific razor clams (Siliqua patula) are regularly contaminated with DA during
blooms of toxigenic Pseudo-nitzschia along the northwest coast of the U.S. (Trainer
and Suddleson, 2005). Four different species of shellfish (eastern oyster, hard clam,
bay scallop, and hooked mussel) were examined for the presence of DA during this
study. Low levels of DA were detected in three of the four species examined (bay
scallop, eastern oyster, and hard clam) (0.01 to 2.35 µg/g), however these levels
were well below the regulatory limit for human consumption of shellfish (20 µg/g)
and therefore were not at levels considered to be a public health hazard. For
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comparison, concentrations of DA have been recorded to reach up to 300 µg/g in
razor clams from the north west U.S. (Trainer and Suddleson, 2005).
Recent studies investigating clearance rates in oysters exposed to Pseudonitzschia cells demonstrated that C. virginica selected against Pseudo-nitzschia when
given a mixture of Pseudo-nitzschia and flagellates, or a mixture of Pseudo-nitzschia
and other species of diatoms (Mafra et al., 2009; Thessen et al., 2010). DA
accumulation was examined in oysters and clams at multiple sites during the study;
however, samples of oysters and clams containing DA were limited and large blooms
of Pseudo-nitzschia did not occur at any of the shellfish sites. Additionally, periodic
renewal of cultivated clams at each of the shellfish sites may have been a factor in
determining the capacity of clams to accumulate DA. Interestingly, a scallop sample
collected from Mullet Key Boat Ramp in February 2009 contained DA despite the fact
that no Pseudo-nitzschia cells were present and no DA was detected in associated
water samples. Moreover, oyster samples collected from two different sites during
fall 2009 also contained low levels of DA in the absence of Pseudo-nitzschia cells or
DA in corresponding water samples. Similar results were obtained previously during
analyses of shellfish tissues from St Joseph Bay in the Florida Panhandle (Chapter 1).
Research has shown that depuration rates for DA can vary greatly between species
of shellfish (Lefebvre and Robertson, 2010). For example, studies have
demonstrated prolonged depuration rates of DA by scallops after initial ingestion of
the toxin (Douglas et al., 1997; Wohlgeschaffen et al., 1992). Therefore, although no
toxin was present in the water, accumulation of DA by the scallop could have
occurred during a prior bloom of toxigenic Pseudo-nitzschia at the collection site,
suggesting the possibility of short-lived blooms in this region. Alternatively, since
scallops are free swimming, it is also possible that the scallop was exposed to DA
during a bloom of toxic Pseudo-nitzschia at a different location prior to its collection.
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Levels of particulate domoic acid have been known to exceed 12 µg/L during
blooms of toxigenic Pseudo-nitzschia on the west coast of the U.S. (Schnetzer et al.,
2007). Comparatively low levels of DA (maximum of 0.64 µg/L) were detected in
water samples collected from Tampa Bay during the present study. Furthermore,
highest concentrations of DA detected in shellfish (2.35 µg/g) were almost always an
order of magnitude below the current regulatory limit of 20 µg/g. Therefore, while it
is obvious that toxigenic blooms of Pseudo-nitzschia species are common in the
eastern Gulf of Mexico (Chapter 1), the occurrence of these blooms does not
currently indicate a significant threat to human health. Research has demonstrated
the potential for Pseudo-nitzschia to become more toxic in response to changing
environmental conditions. For example, P. australis isolated from Irish coastal waters
demonstrated increased toxin production when grown at higher versus lower
irradiances (Cusack et al., 2002). Studies also suggest that cellular toxicity of
Pseudo-nitzschia can vary interspecifically (Baugh et al., 2006). In light of this
evidence, identification of Pseudo-nitzschia to species level in Florida waters in
addition to directed studies on the influence of environmental variables on toxin
production by these species is essential in determining whether a threat for ASP or
domoic acid poisoning exists in this region.

58

CHAPTER 3: DIVERSITY OF PSEUDO-NITZSCHIA SPECIES IN WEST
FLORIDA COASTAL WATERS

Introduction
The potent neurotoxin domoic acid (DA) produced by certain species in the
diatom genus Pseudo-nitzschia has been the cause of amnesic shellfish poisoning
(ASP) of humans in Canada and numerous wildlife poisoning events in the U.S. since
the late 1980’s (Perl et al., 1989; Trainer et al., 2008; Wright et al., 1989). During
the past two decades P. multiseries, P.australis and P. pseudodelicatissima have all
been implicated in multiple toxic blooms along the Pacific coast of the United States
(Scholin et al., 2000; Trainer et al., 2000; Trainer and Suddleson, 2005). In the
northern Gulf of Mexico populations of Pseudo-nitzschia have been observed since
the 1910’s, and it has been suggested that abundances of these diatoms have been
increasing since the 1950’s (Parsons et al., 2002). To date 21 species of Pseudonitzschia have been identified from the Gulf of Mexico, with both toxic and non-toxic
species being documented (Table 9). Moreover, three of these species have been
confirmed as DA producers in the Gulf of Mexico (Dickey et al., 1992; Parsons et al.,
1999, Parsons, unpubl. data), and 11 species have been shown to produce DA
naturally or in laboratory cultures in other regions of the world (Lelong et al., 2012).
Multiple studies in the northern Gulf have revealed two confirmed DA producers, P.
multiseries and P. pseudodelicatissima, two potentially toxic species, P. delicatissima
and P. pungens, and two non-toxic species, P. subfraudulenta and P. americana
(Dortch et al., 1997; Parsons et al., 1999; Pan et al., 2001; Thessen et al., 2005). In
a more recent study, Del Rio et al. (2010) identified P. calliantha as the dominant
phytoplankter in seawater samples containing low levels of DA from Louisiana coastal
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waters, and Pseudo-nitzschia species have also been documented as common
members of the microalgal community in near-shore waters off the coast of Alabama
(Liefer et al., 2009).
Table 9 Pseudo-nitzschia species documented from the Gulf of Mexico (GOM) and
their distribution, modified and adapted from Lelong et al. (2012), Parsons (unpubl.
data), and Wolny et al. (2005). ‘Complex’ refers to a classification based on valve
shape, length, and width among other features (Hasle and Syvertsen, 1996;
Lundholm, 2002; Lundholm et al., 2003): americana complex = short rectangularrounded, <65 µm in length; delicatissima complex = small narrow lanceolate, <3 µm
in width; pseudodelicatissima complex = small narrow linear/lanceolate, <3 µm in
width; seriata complex = large lanceolate, >3 µm in width. ‘n/a’ indicates that the
species does not belong to any of the above groups.
Species
Complex
Region of GOM
P. americana
americana
FL
P. arenysensis
delicatissima
MX
P. brasiliana
americana
LA, TX
P. caciantha
pseudodelicatissima
MX
P. calliantha
pseudodelicatissima
FL
P. cuspidata
pseudodelicatissima
FL, MX
P. decipiens
delicatissima
MX
P. delicatissima*
delicatissima
LA, MX, TX
P. galaxiae
delicatissima
MX
P. granii
delicatissima
FL
P. heimii
seriata
FL
P. linea
delicatissima
FL
P. multiseries*
seriata
FL, LA, TX
P. multistriata
n/a
LA, TX
P. prolongatoides
delicatissima
TX
P. pseudodelicatissima* pseudodelicatissima
FL, LA, TX, MX
P. pungens
seriata
FL, LA, TX, MX
P. subcurvata
delicatissima
MX
P. subfraudelenta
seriata
LA, MX, TX
P. subpacifica
seriata
E GOM
P. turgidula
n/a
FL
E GOM = Eastern Gulf of Mexico; FL = Florida; LA = Louisiana; MX = Mexico; TX =
Texas. Species in bold have been shown to produce DA in other parts of the world.
*confirmed producer of DA in the Gulf of Mexico

High abundances of Pseudo-nitzschia species have been observed in coastal
waters of Florida during the past eight years (Chapter 1). A 2007 study on
phytoplankton population distributions in Tampa Bay, Florida found Pseudo-nitzschia
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to be one of the most abundant members of microalgal communities analyzed
(Badylak et al., 2007). Upon examination of valve structures, it was determined that
two forms of Pseudo-nitzschia from the P. pseudodelicatissima/cuspidata complex
were present, although SEM identifications were not performed on samples to
resolve these to species level. A previous study did however identify the potential DA
producer, P. calliantha, from Tampa Bay waters (Lundholm et al., 2003).
Furthermore, the recently described P. calliantha has been documented in the Indian
River Lagoon (IRL), a nutrient rich lagoon on the east coast of Florida, in addition to
P. pseudodelicatissima and P. delicatissima (Badylak et al., 2006; Phlips et al., 2004;
Wolny et al., 2005). A brief microscopic study of Pseudo-nitzschia in Florida
conducted in 2005 by Wolny et al. (unpublished data) revealed the presence of nine
species (P. calliantha, P. cuspidata, P. delicatissima, P. granii, P. heimii, P.
multiseries, P. cf. pseudodelicatissima, P. pungens, and P. turgidula). Although no
toxin analyses were performed, the findings of this study revealed that P.
multiseries, a major toxigenic species responsible for DA poisoning of marine wildlife
on the west coast of the U.S. (Trainer et al., 2000; Trainer and Suddleson, 2005) is
present in Florida waters.
Florida’s large human population, multiple fisheries, and aquatic mammal and
bird populations make it potentially vulnerable to ASP and domoic acid poisoning
events. It is important to document other potentially toxigenic Pseudo-nitzschia
species present in addition to DA concentrations in associated bloom samples to
make an assessment for the potential of ASP or domoic acid poisoning to occur.
Identification of Pseudo-nitzschia to species level is difficult and often requires
scanning electron microscopy (SEM) and/or transmission electron microscopy (TEM)
which are not ideal tools for routine monitoring purposes. Molecular methods have
been developed in recent years that require less specialized equipment and
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expertise. One such method focuses on the intergenic transcribed spacer (ITS)
regions of Pseudo-nitzschia ribosomal DNA (rDNA) (Hubbard et al., 2008). The ITS
region includes the two spacers ITS1 and ITS2 separating the coding regions of the
nuclear-encoded large subunit and small subunit rDNA. The ITS regions seem to be
the most variable of the ribosomal DNA of Pseudo-nitzschia with each known species
having a unique ITS sequence length. A novel molecular fingerprinting technique
developed by Hubbard et al. (2008) using automated ribosomal intergenic spacer
analysis (ARISA) is based on the use of primers developed specifically to target the
ITS1 region in Pseudo-nitzschia. This Pseudo-nitzschia-specific ARISA method
facilitated the identification of at least 11 species of Pseudo-nitzschia in the Pacific
Northwest region of the U.S. Although some researchers have observed ITS
sequence variation among isolates of the same species of Pseudo-nitzschia
(Casteleyn et al., 2008; D'Alelio et al., 2009; Orsini et al., 2004) this technique
shows promise as a routine monitoring tool for rapid identification of Pseudonitzschia species.
The importance of characterizing Pseudo-nitzschia populations and DA
production in the Gulf of Mexico has been highlighted in recent studies conducted in
the northern Gulf (Del Rio et al., 2010; Liefer et al., 2009; MacIntyre et al., 2011),
and it is now apparent that frequent high densities of Pseudo-nitzschia occur in
Florida coastal waters (Chapter 1, Twiner et al., 2011). Furthermore, the discovery of
DA in water and biota samples from Florida (Chapter 1 and Chapter 2) provides
evidence for the existence of toxigenic Pseudo-nitzschia populations in this region.
Some species of Pseudo-nitzschia are known to produce DA, while others are not
(Bates, 1998; Bates et al., 1998), therefore it is important to identify the species
present in Florida waters in order to assess the potential for future ASP or DA
poisoning events to occur. Light and electron microscopy were employed during this
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study to identify Pseudo-nitzschia species in bloom samples collected from central
west and southwest Florida based on morphological characteristics (Lundholm et al.,
2003, , Parsons unpubl. data). Additionally, primers developed by Hubbard et al.
(2008) were tested on Gulf of Mexico isolates of Pseudo-nitzschia to determine the
efficacy of using this molecular tool combined with traditional methods as a more
rapid method of species identification for routine monitoring purposes.

Methods
Study Area
The majority of water samples examined in this study were collected routinely
on a weekly or biweekly basis between 2009 and 2011 from 27 sites in central and
southwest Florida (SWFL) as part of the Fish and Wildlife Conservation Commission’s
(FWC) Harmful Algal Bloom (HAB) monitoring program (Figure 13). Additional nonroutine samples were collected as part of event response during blooms. Samples
were chosen from routine collections for Pseudo-nitzschia species identification when
cell concentrations were ≥ 4 x 105 cells/L, as cell densities below this level are not
conducive to methods of identification by electron microscopy.
Sample Collection and Enumeration of Pseudo-nitzschia Species
Water samples were collected from just below the surface in 1 L clear
polyethylene Nalgene sample bottles. Subsamples were preserved by filling 125 ml
amber polyethylene Nalgene bottles containing 3 ml of unacidified Lugol’s Iodine
preservative. Bottles containing Lugol’s were inverted multiple times to ensure even
distribution of fixative. All water samples were stored in a cooler without ice prior to
processing in the lab.
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Gulf of Mexico

Figure 13 Locations of sample collection in central and southwest Florida
Prior to enumeration each Lugol’s preserved sample was inverted 20 times to
ensure an even distribution of cells. A 3 ml aliquot was then removed, placed in a
well on a 24-well culture plate, and allowed to settle for at least 30 minutes.
Samples were counted on an Olympus CK30 inverted light microscope under a 10X
objective, according to Utermohl (1958). Pseudo-nitzschia were identified to genus
level and all cells identified as Pseudo-nitzschia species were counted and converted
to cells/L. Samples were stored at 4oC prior to analysis by electron microscopy.
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Identification of Pseudo-nitzschia Species via Electron Microscopy
Samples were prepared for SEM according to a protocol adapted from Parsons et
al. (1999). Samples were inverted 20 times to ensure even distribution of cells as
the Lugol’s preservative can cause clumping of cells. Aliquots of fixed samples were
placed in 50 ml polyethylene tubes, and centrifuged at 4000 rpm for 10 minutes. The
supernatant was removed; the pellet was rinsed with 10ml of DI water, and
centrifuged again (4000 rpm, 10 min) to remove salts. 2 ml of concentrated HNO3
was added to the rinsed pellet, and tubes were placed in a beaker of boiling water for
10 minutes. Upon removal of the acid, DI water was added to the pellet and samples
were vortexed before being poured onto 1 µm polycarbonate filters (Whatman).
Sample tubes were rinsed with additional DI water which was added to the filter.
Samples were drawn through the filter, then rinsed 5 times with DI water, dried
overnight, and mounted on 25 mm aluminum stubs using carbon adhesive tabs.
Samples were coated with AuPd and viewed in a Hitachi S-3400N SEM.
In preparation for viewing by TEM, samples were processed according to Parsons
et al. (1999). Aliquots of Lugol’s fixed samples were placed in 15 ml polyethylene
tubes, and centrifuged at 2000 rpm for 10 minutes. The supernatant was removed;
the pellet was rinsed twice with 10 ml of DI water, and centrifuged again (2000 rpm,
10 min) in between rinses to remove salts. 2 ml of concentrated HNO3 was added to
the rinsed pellet, and tubes were placed in a beaker of boiling water for 20 minutes.
Upon removal of the acid, and after 6 consecutive rinses of the pellet with DI water,
2 to 4 drops of cleaned sample were placed on a copper TEM grid (200 µm mesh).
Grids were allowed to dry at room temperature between each drop. Samples were
viewed in a JEOL 1400 TEM.
Valve shape and the shape of valve poles in addition to valve length, number of
fibulae and striae per 10 µm, number of rows of poroids in each stria, and poroid
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number per 1 µm were used to make identifications of Pseudo-nitzschia species via
SEM. Species in the P. pseudodelicatissima/cuspidata complex required further
analysis and were identified by examining the pattern of perforations in the hymen of
each poroid (Lundholm et al., 2003) using TEM. A minimum of 10 valves for all
Pseudo-nitzschia species present per sample were counted by SEM to determine the
relative contribution of each species to the total cell concentrations.
Molecular Identification of Pseudo-nitzschia Species
DNA from three Gulf of Mexico isolates of Pseudo-nitzschia (AL-2 [P.
cuspidata], LA1 [P. cuspidata], LA2 [P. cf. multistriata]) was obtained from Jennifer
Delaney (Delaney, 2010). The strains were originally isolated and identified via
electron microscopy by Dr. Sibel Bargu at Louisiana State University.
DNA extraction and PCR:
Extraction of DNA from Gulf of Mexico isolates was performed by Jennifer
Delaney (Delaney, 2010). The DNA extraction protocol for culture material was
adapted from Paul and Pichard (1995) as follows: A 50 ml aliquot of diatom culture
underwent centrifugation at 10,000 x g for 20 min or longer, depending on pellet
stability. The supernatant was decanted and the pellet was resuspended in 1 mL STE
buffer. This volume was then transferred to a 1.5 mL microcentrifuge tube and the
Paul and Pichard (1995) protocol was followed without further deviation. Total DNA
was quantified and purity was assessed with a NanoDrop spectrophotometer (ND1000, NanoDrop Technologies, Wilmington, Delaware). ARISA PCRs were performed
on all three Gulf of Mexico isolates. PCR primers 18SF-euk and 5.8SR-euk were used
to amplify the full length ITS sequence of Pseudo-nitzschia, and the ITS1 region was
amplified using PnAII F/R primers (Hubbard et al., 2008). PCRs contained 5-10 ng of
genomic DNA, 0.4 mM dNTPs, 0.4 µM of each primer, 0.375 U of Taq polymerase,
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2.5 mM of MgCl2, and 1X buffer. Negative controls consisted of 1 µl sterile water. The
PCR cycling conditions were referenced from Hubbard et al. (2008).
Preliminary trials were performed in an attempt to extract DNA from Lugols
preserved environmental samples. The protocol was adapted from Bertozzini et al.
(2005) as follows: 50 ml of each sample was centrifuged at 8,000 rpm for 15 min.
The supernatant was decanted and the pellet was resuspended in 1.5 ml sterile
water. This volume was then transferred to a 1.5 ml microcentrifuge tube. The
resuspended material was centrifuged for 1 min at 13,200 rpm, and the supernatant
discarded. Sterile water (1.5 ml) was used to rinse the original 50 ml sample tube
and then added to the pellet. The sample was then vortexed and centrifuged again.
Supernatants were removed and pellets were extracted using the Qiagen DNeasy
Plant Mini Kit (Qiagen Inc., Valencia, California) according to the manufacturer’s
instructions. A NanoDrop 1000 was used to determine the amount of environmental
DNA in each sample (ND-1000, NanoDrop Technologies, Wilmington, Delaware). DNA
amplification was successful, but relatively poor, yielding only 1 to 2 ng/µL of genetic
material. After extraction, samples of DNA were stored at -20oC when not in use.
Extraction and Quantification of Domoic Acid
Within 24 hours of collection whole seawater (250 to 500 ml) was filtered
through a 25 mm Whatman GFF filter for determination of particulate DA and either
extracted immediately or stored at -20oC for a maximum of 2 weeks. Filters were
extracted in 5 ml of 20% aqueous methanol, vortexed for 1 min. and centrifuged at
4000 rpm for 10 min.
Extracts were screened for DA, either by enzyme linked immunosorbant assay
(ELISA)(Biosense Laboratories, Bergen, Norway)(Garthwaite, 2000; Garthwaite et
al., 1998), or by high performance liquid chromatography with tandem mass
spectrometry (LC/MS/MS). Prior to LC/MS/MS analysis sample extracts were filtered
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through 35 mm, 0.2 µm PVDF Filters (Fisher Scientific). LC/MS/MS analysis was
performed on an Acquity UPLC system coupled to a Quattro Micro triple quadrupole
mass spectrometer, operated in positive ion mode (ESI+) according to a method
adapted from Wang et al. (2007). Separations were performed on an Acquity UPLC
BEH C18 1.7 µm column (2.1 x 100 mm). Mobile phase consisted of Nanopure water
(A) and acetonitrile (B) in a binary system with 0.1% acetic acid as an additive. The
UPLC was operated using a gradient elution: 5% B for 5.62 min, 40% B for 0.53 min,
95% B for 1.6 min, 5% B for 1.33 min, with a total run time of 9.10 min. Injection
volume was 10 µL with a flow rate of 0.4 ml min-1 and a column temperature of
40oC. The detection of domoic acid by mass spectrometer was achieved by multiple
reaction monitoring (MRM) using the following instrument parameters: positive ion
mode ESI; capillary voltage, 4.0 kV; cone voltage, 28 V; extraction cone voltage, 2
V; source temperature, 120ºC; desolvation temperature, 500ºC; desolvation gas
flow 600 L N/hr; and cone gas 25 L N/hr. MRM transitions from the protonated DA
ion were monitored using optimized collision energies for the following transitions:
311.8 > 248.0 and 311.8 > 265.8. DA certified reference standard purchased from
the National Research Council (NRC), Halifax, Canada, was used to generate a
standard curve for quantitation of DA in samples. DA detection methods (ELISA,
LC/MS/MS) used during this study had varying limits of detection (ld) and limits of
quantitation (lq) (ld=~1/3 lq). Limits of detection ranged from 0.01 to 0.1 µg/L for
seawater. Values below the lq and above the ld were considered to be positive for DA
but at trace (tr) levels.

Results
A total of 38 samples from 27 sites in central west and southwest Florida
collected between 2009 and 2011 were processed for Pseudo-nitzschia species
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identification. Six different species types of Pseudo-nitzschia: P. brasiliana (Figure
15), P. calliantha (Figure 16), P. cuspidata (Figure 17), P. micropora (Figure 18), P.
pungens (Figure 19), and P. pseudodelicatissima/cuspidata complex (P. pd/c) were
identified from these samples (Figure 14). Pseudo-nitzschia brasiliana, P. calliantha,
P. cuspidata, P. pd/c and P. pungens have all been identified previously from other
regions of the Gulf of Mexico (Badylak et al., 2007; Del Rio et al., 2010; Dortch et
al., 1997; Fryxell et al., 1990; Liefer et al., 2009; MacIntyre et al., 2011; Parsons et
al., 1998; Parsons et al., 2002; Parsons et al., 2012; Parsons et al., 1999; Wolny et
al., 2005, Wolny unpubl. data); however, this is the first report of P. micropora from
the Gulf of Mexico. A summary of the morphometric features of each species
detected is shown in Table 10.
The P. pseudodelicatissima/cuspidata complex (P. pd/c) is comprised of 4
different species (P. caciantha, P. calliantha, P. cuspidata, and P.
pseudodelicatissima). Species in this complex are differentiated based on differences
in the structure of the poroid hymens and girdle bands of valves seen through TEM
examination (Lundholm et al., 2003). Even based on these structural differences, it
is not always possible to distinguish between species in the complex. Where possible,
cells in the P. pd/c complex were identified to species level via TEM. In samples
where species could not be differentiated due to poor condition of valves, species
were designated as “P. pd/c complex” (Figure 14). The small, narrow cells of the P.
pseudodelicatissima/cuspidata complex (including P. calliantha and P. cuspidata)
were the most common and were dominant in 68% of the samples analyzed (Table
11).
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P. brasiliana
P. micropora

P. pd/c
P. pungens

Figure 14 A qualitative representation of the dominant Pseudo-nitzschia species
present in each sample collected from central west and southwest Florida between
2009 and 2011
The second most abundant taxon was P. pungens which was dominant in
29% of samples. Pseudo-nitzschia species cell concentrations during the study
ranged from 4 x 105 cells/L to 8.67 x 106 cells/L. Fifty percent of bloom samples
contained a single species of Pseudo-nitzschia and the remainder were comprised of
2 to 3 species (Table 11).
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Table 10 Morphometric features of Pseudo-nitzschia species identified from Florida waters between 2009 and 2011
Valve Shape

CI
Present

Length
(µm)

Width
(µm)

Fibulae/10
µm

Striae/10
µm

Rows of
Poroids

Poroids/1
µm

P. brasiliana

linear

N

20.3 - 41.1

2.1 - 2.4

17.9 - 25.5

17.9 - 25.5

2

8-9

P. calliantha

linear

Y

61.6 - 74.1

1.4 - 1.8

16.7 - 19.7

32.6 - 39.6

1

4-5

P. cuspidata

lanceolate

Y

60.3 - 69.7

1.3 - 2.0

17.6 - 22.9

33.4 - 44.2

1

5-6
10 - 11

Species

P. micropora
P. pd/c complex
P. pungens

lanceolate

N

27.0 - 41.6

1.5 - 1.9

25.9 - 28.3

42.5 - 45.5

2

linear/lanceolate

Y

53.7 - 74.7

1.6 - 2.0

15.6 - 20.8

31.3 - 39.6

1

5

lanceolate

N

120 - 128

2.4 - 3.2

11.8 - 16.4

8.8 - 12.3

2

3-4

CI = central interspace; P. pd/c = P. pseudodelicatissima/cuspidata complex

Figure 15 Pseudo-nitzschia brasiliana whole valve (a), and inset (b) showing rounded tip and 2 rows of poroids in each striae
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Figure 16 Pseudo-nitzschia calliantha whole valve (a), and inset (b) showing poroid
structures

Figure 17 Pseudo-nitzschia cuspidata whole valve (a), and inset (b) showing poroids
divided in two

73

Figure 18 Pseudo-nitzschia micropora whole valve

Figure 19 Pseudo-nitzschia pungens whole valve (a), and inset (b) showing striae
lined with 2 rows of poroids
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Table 11 Pseudo-nitzschia (Pn) species abundances and DA detected in water
samples collected from central west and southwest Florida between 2009 and 2011
Date
19-May-09
26-May-09
26-May-09
4-Jun-09
4-Jun-09

Station
Cortez Dock
Anna Maria Isl
Palma Sola
Mullet Key Gulf Pier
Redington Pier

Pn (cells/L)
833,000
1,470,000
6,400,000
633,000
1,870,000

4-Jun-09
16-Jun-09
16-Jun-09
15-Jul-09

Sand Key Beach
Sand Key Beach
Redington Pier
Palma Sola

3,870,000
533,000
833,000
1,170,000

1-Sep-09
22-Sep-09
29-Sep-09
29-Sep-09
30-Sep-09
21-Oct-09
26-May-10
2-Jun-10
16-Jun-10
21-Jun-10
21-Jun-10
21-Jun-10
21-Jun-10
21-Jun-10
21-Jun-10
28-Jul-10
23-Sep-10
23-Sep-10
23-Sep-10
23-Sep-10
23-Sep-10
13-Apr-11
15-Jun-11
11-Aug-11
29-Aug-11
30-Aug-11
26-Oct-11
26-Oct-11
26-Oct-11

Palma Sola
Venice Pier
Anna Maria Isl
Venice Pier
Mullet Key Gulf Pier
Mullet Key Gulf Pier
S. Seas Plantation
Palma Sola
Sand Key
Philippe Park
S. Oldsmar Pier
Safety Harbor 1
Safety Harbor 2
Safety Harbor 3
Safety Harbor 4
Redington Pier
Longboat pass
Pinellas Point
Anna Maria Isl
S. Skyway Pier
Palma Sola
Redington Pier
Venice Beach
Coffee Pot Bayou
Mullet Key Gulf Pier
Fletcher Pt TB
SwFL Station 6
SwFL Station 5
SwFL Station 7

667,000
8,670,000
433,000
400,000
476,667
500,000
451,000
943,000
560,000
3,697,600
5,618,600
4,269,000
4,955,600
5,848,000
5,873,600
1,400,000
4,072,000
654,300
2,098,000
3,560,000
3,200,000
800,000
2,200,000
411,000
504,600
438,600
689,300
630,600
1,540,000

Pn species (% abundance)
P. pd/c(60), P. brasiliana(40)
P. calliantha(100)
P. cuspidata(100)
P. calliantha(100)
P. calliantha*, P. cuspidata*
P. cuspidata(99.6), P.
brasiliana(0.4)
P. calliantha(80), P. brasiliana(20)
P. calliantha*, P. cuspidata*
P. micropora(90), P. brasiliana(0.5),
P. calliantha+P. cuspidata(0.5)
P. cuspidata(70), P. brasiliana(30)
P. pungens(100)
P. pungens(100)
P. pungens(100)
P. pungens(90), P. pd/c(10)
P. pungens(95), P. brasiliana(5)
P. pungens(60), P. pd/c(40)
P. calliantha*, P. cuspidata*
P. brasiliana(80), P. calliantha(20)
P. calliantha(100)
P. calliantha(100)
P. calliantha(100)
P. calliantha(100)
P. calliantha(100)
P. calliantha(100)
P. pd/c(100)
P. cuspidata(99.7), P. pungens(0.3)
P. pd/c(65), P. pungens(35)
P. pd/c(95), P. pungens(5)
P. pd/c(90), P. pungens(10)
P. pd/c(99.6), P. pungens(0.4)
P. pd/c(100)
P. pd/c(100)
P. calliantha(87.4), P. pungens(1.6)
P. pungens(100)
P. pungens(100)
P. pungens(100)
P. pungens(100)
P. pungens(100)

pDA (µg/L)
0.52
0.65
2.46
0.34
2.49

pDA = particulate DA; tr = trace; P. pd/c = P. pseudodelicatissima/cuspidata
complex; * = species abundance was not determined
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5.13
0.03
0.09
0
tr
0.62
0.08
tr
0.29
0
0
0
0
0
0
0
0
0
0
0.93
0.39
0.45
1.68
2.57
4.02
0
1.01
0
0
0
0.14
0.25
tr

In general the smallest Pseudo-nitzschia cells (P. pd/c) formed the largest
blooms (>106 cells/L) (Table 11). Most blooms comprised of larger cells did not
exceed cell concentrations of 106 cells/L, with the exception of a monospecific bloom
of P. pungens (8.67 x 106 cells/L) which occurred at Venice Pier during Fall 2009
(Table 11). Each species was recorded from bloom samples at different times of the
year, suggesting a wide temperature tolerance of the species detected.
DA was not present in all samples during the study, however measurable
particulate DA (pDA) concentrations were observed in 61% of the total samples
analyzed, ranging from trace levels to 5.13 µg/L (Table 11). The maximum pDA
concentration for the entire study (5.13 µg/L) was measured in a sample dominated
by P. cuspidata (99.6%) collected in June 2009 (Table 11). Moreover, low levels of
DA (tr to 0.65 µg/L) were observed in bloom samples dominated by P. calliantha,
and P. pungens during 2009, and DA production was detected during a mixed bloom
of P. cuspidata and P. calliantha in June of the same year (Figure 20). In 2010, the
maximum particulate DA level was measured in a sample dominated by P. pd/c
complex (Figure 21). A large bloom of P. calliantha (3.7 x 106 to 5.87 x 106 cells/L)
was observed in northern Tampa Bay during the summer of 2010 (Figure 21), and
interestingly, no DA was detected in any of the six water samples analyzed from this
bloom. A smaller bloom dominated by P. calliantha that occurred in lower Tampa Bay
the following year (4.1 x 105 cells/L) also did not appear to produce DA (Figure 22).
DA production was not observed during a bloom of P. pungens in 2010 (Figure 21),
however, the toxin was detected in samples collected from two monospecific blooms
of P. pungens during fall 2011 (Figure 22). Overall, water samples collected from
larger blooms contained higher concentrations of DA (Figures 20, 21, and 22).
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Particulate DA (µg/L)
x

<ld
tr
0.01 to 1
1.01 to 3
3.01 to 6

P. brasiliana

P. calliantha
P. cuspidata
P. micropora

P. pd/c
P. pungens
P. calliantha + P. cuspidata

a

b

Figure 20 Dominant Pseudo-nitzschia species present with (a) cell abundances and (b) particulate DA in associated
water samples during 2009
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Particulate DA (µg/L)
x

<ld
tr
0.01 to 1
1.01 to 3
3.01 to 6

P. brasiliana

P. calliantha
P. cuspidata
P. micropora

P. pd/c
P. pungens
P. calliantha + P. cuspidata

a

b

Figure 21 Dominant Pseudo-nitzschia species present with (a) cell abundances and (b) particulate DA in associated
water samples during 2010
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Particulate DA (µg/L)
x

<ld
tr
0.01 to 1
1.01 to 3
3.01 to 6

P. brasiliana

P. calliantha
P. cuspidata
P. micropora

P. pd/c
P. pungens
P. calliantha + P. cuspidata

a

b

Figure 22 Dominant Pseudo-nitzschia species present with (a) cell abundances and (b) particulate DA in associated
water samples during 2011
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While it is not always the case with blooms of Pseudo-nitzschia, it was
possible to estimate cellular toxin quotas with reasonable confidence during the
present study for a number of samples which contained 100% of a single species
(Table 12). DA cell quota was calculated by dividing the particulate DA concentration
(pg/ml) by the number of Pseudo-nitzschia cells per ml in the corresponding
preserved sample.
Table 12 Dominant Pseudo-nitzschia species identified in bloom samples from
central west, and southwest Florida between 2009 and 2011 and corresponding
cellular DA concentrations
Collection Date

Cells/L

26-May-09

1,470,000

P. calliantha

100

0.44

26-May-09

6,400,000

P. cuspidata

100

0.38

633,000

4-Jun-09

Species

% Abundance

pg DA/cell

P. calliantha

100

0.54

22-Sep-09

8,670,000

P. pungens

100

0.07

29-Sep-09

433,000

P. pungens

100

0.18

29-Sep-09

400,000

P. pungens

100

0

21-Jun-10

3,697,600

P. calliantha

100

0

21-Jun-10

5,618,600

P. calliantha

100

0

21-Jun-10

4,269,000

P. calliantha

100

0

21-Jun-10

4,955,600

P. calliantha

100

0

21-Jun-10

5,848,000

P. calliantha

100

0

21-Jun-10

5,873,600

P. calliantha

100

0

28-Jul-10

1,400,000

P. pd/c

100

0.66

13-Apr-11

800,000

P. pd/c

100

0

15-Jun-11

2,200,000

P. pd/c

100

0.46

29-Aug-11

504,600

P. pungens

100

0

30-Aug-11

438,600

P. pungens

100

0

26-Oct-11

689,300

P. pungens

100

0.20

26-Oct-11

630,600

P. pungens

100

0.40

100

0

26-Oct-11
1,540,000 P. pungens
P. pd/c, P. pseudodelicatissima/cuspidata complex

The species P. calliantha, P. cuspidata, and P. pungens were all confirmed as
DA producers (Table 12) Cellular toxin quotas were highest (0.66 pg DA/cell) (mean
value of 0.37 pg/cell, n=9) during a bloom of P. pd/c in June 2009 (Table 12), and
ranged from 0 to 0.54 pg DA/cell for other blooms consisting of a single Pseudo-
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nitzschia species. No DA was detected in water samples analyzed from a bloom
dominated by P. brasiliana in June 2010 (Table 11, Figure 21).
Results of Molecular Analyses
The PnAII primers designed by Hubbard et al. (2008) successfully amplified
the ITS1 region of Gulf of Mexico isolates, LA1 and AL2 (both identified as P.
cuspidata) but did not amplify the ITS1 region of the third isolate, LA2 (identified as
P. multistriata). Other Gulf of Mexico Pseudo-nitzschia species isolates were not
available to test for amplification of ITS1 with PnAII primers. However, the primers
were tested on DNA extracted from two Gulf of Mexico environmental samples
dominated by Pseudo-nitzschia species but no amplification of genetic material was
observed.
To understand why the PnAII primers were unsuccessful for isolate LA2, PCR
was performed using the 18S and 5.8S primers (Hubbard et al., 2008) to obtain the
full length sequence of the ITS. The LA2 ITS1 fragment sequence was compiled with
all available Pseudo-nitzschia ITS1 sequences in GenBank, and aligned in ClustalW
(OMIGA 2.0, Accelrys, San Diego, California). Alignment of the LA2 ITS sequence
with those of other Pseudo-nitzschia species revealed that this isolate differed at the
PnAII primer recognition sites, demonstrating that the available primer set does not
amplify all Pseudo-nitzschia isolates from the Gulf of Mexico and that new primer
sets need to be developed for molecular identification of Pseudo-nitzschia species in
this region. The alignment was then used in an attempt to re-design primers that
would amplify ITS1 regions of Gulf of Mexico strains of Pseudo-nitzschia. Three
groups of primers (groups 2-4) were designed based on nucleotide differences
observed between sequences in the alignment (Table 13). All three groups of redesigned primers were tested on culture material and environmental samples. Group
3 and 4 primers did not amplify genetic material from any of the samples tested;
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however, group 2 primers were successful in amplifying the ITS1 region of the LA2
isolate, P. multistriata.
According to Kudela et al. (2010), prior to the application of molecular
methods to a new region or system, it is essential to isolate the target organism,
sequence the target gene, and verify specificity. The preliminary results of this study
suggest that with more research, the PnAII primers could be modified to detect Gulf
of Mexico strains of Pseudo-nitzschia. However, in order to be able to utilize this
approach as a means of routine identification in Florida waters, ITS1 sequences from
as many resident strains of Pseudo-nitzschia as possible must be acquired in order to
proceed.

Table 13 Primers designed during the present study (Groups 2 to 4) with original
ARISA primers designed by Hubbard et al. (2008), ITS1 fragments lengths, and
target species of Pseudo-nitzschia
Name

Sequence (5’-3’)
Group 1 F (Hubbard PnAIIF) TCTTCATTGTGAATCTGA
Group 1 R (Hubbard PnAIIR) CTTAGGTCATTTGGTT

Target Species
Multiple spp. including
P. cuspidata, P. pungens
P. pseudodelicatissima

Group 2 F
Group 2 R

TTKTCAGWGTSKTCWAMTTTYTG P. multistriata
TTGCTTCAGGTCAGTTGG

Group 3 F
Group 3 R

TCTTCATTGTGAWTYSGRWT
CTTTAGGTCATTTGGATCTTG

P. calliantha and P. mannii

Group 4 F
Group 4 R

ATCWGTCTTCATTGTGAATH
CTTWAGGTCATTTGGKTC

P. americana, P. brasiliana,
P. dolorosa, P. fraudulenta

Discussion
Six species of Pseudo-nitzschia (P. brasiliana, P. calliantha, P. cuspidata, P.
micropora, P. pseudodelicatissima/cuspidata complex, and P. pungens) were
identified in bloom samples collected from central west and southwest Florida during
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the present study. The small cells of the P. pseudodelicatissima/cuspidata complex,
which includes the species P. calliantha and P. cuspidata, were the most common.
Five of the six species recorded here have been documented during prior studies
conducted in the Gulf of Mexico (Dortch et al., 1997; Fryxell et al., 1990; Liefer et
al., 2009; MacIntyre et al., 2011; Parsons et al., 2002; Parsons et al., 2012; Parsons
et al., 1999; Wolny et al., 2005); however, to my knowledge this is the first report of
P. micropora in the Gulf of Mexico. Previous microscopic examinations of Pseudonitzschia species in Florida waters (Wolny et al., 2005, Wolny unpubl. data)
documented the presence of P. brasiliana, P. calliantha, P. cuspidata, P. pd/c, and P.
pungens. Moreover, P. brasiliana, P. cuspidata, and P. pungens have all been shown
to produce DA in other global locations (Baugh et al., 2006; Lelong et al., 2012;
Trainer et al., 2009b), and P. calliantha was noted as the dominant species in water
samples containing DA in coastal Louisiana (Del Rio et al., 2010). However, this is
the first study to definitively identify P. calliantha, P. cuspidata, and P. pungens as
producers of DA in the Gulf of Mexico.
Bloom densities of Pseudo-nitzschia species were comparable to other studies
conducted in the Gulf, including a study on Pseudo-nitzschia and DA in nearby
Sarasota waters (Del Rio et al., 2010; Dortch et al., 1997; Liefer et al., 2009;
MacIntyre et al., 2011; Twiner et al., 2011). Maximum particulate DA concentrations
(5.13 µg/L) were also comparable to other Gulf of Mexico studies (Del Rio et al.,
2010; MacIntyre et al., 2011) but were at least half of the levels recorded during
blooms of toxigenic Pseudo-nitzschia on the west coast of the U.S. (Schnetzer et al.,
2007). Although P. calliantha, P. cuspidata, and P. pungens were confirmed to
produce DA during this study, cellular DA concentrations were up to two orders of
magnitude lower than cellular DA quotas during blooms of these species in other
global locations (Baugh et al., 2006; Caron et al., 2009; Trainer et al., 2009b). Two
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of the most problematic species of Pseudo-nitzschia along the west coast of the U.S
are the larger cell sized P. australis and P. multiseries. Moreover, P. australis has
been shown to produce cellular DA concentrations of up to 75 pg/cell (Scholin et al.,
2000). Neither of these species was identified in samples examined during the
present study, and to date P. australis has not been observed in the Gulf of Mexico.
Certain species in the genus Pseudo-nitzschia have been known to display distinct
temperature preferences for growth (Bates et al., 1998). Moreover, it has been
suggested that P. multiseries prefers temperatures of < 27oC (Parsons et al., 2012),
and P. australis has to date only been recorded from colder regions (Lelong et al.,
2012). These lower temperature waters are uncommon in the Gulf of Mexico,
therefore, the rarity of occurrence of P. multiseries and absence of P. australis in the
Gulf could possibly be attributed to temperature differences. However, assumptions
must be made with caution as research suggests that the origin of the isolate used
during studies to assess temperature effects on growth of Pseudo-nitzschia could
play an important role (Lelong et al., 2012).
Smaller species of the P. pseudodelicatissima/cuspidata complex are also
known to be problematic on the Pacific coast of the U.S. and blooms of these species
have resulted in multiple closures of shellfish harvesting in coastal waters of
Washington State (Trainer and Suddleson, 2005). For monitoring purposes, warning
levels are issued in this region when blooms of P. pd/c exceed 106 cells/L and last for
over 1 week. During 1998, numbers of P. pd/c that occurred in water samples
associated with a massive shellfish harvest closure in Washington, remained above 1
x 106 cells/L for at least 21 days (Trainer and Suddleson, 2005). The paucity of data
that exists for bloom durations during the present study doesn’t allow for many
conclusions to be drawn, however, a moderately toxic bloom (5.13 µg/L) of Pseudonitzschia dominated by P. cuspidata (a member of the P. pd/c complex) at Sand Key
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Beach on June 4th 2009 was replaced by a weakly toxic bloom (0.03 µg/L) dominated
by P. calliantha (also a member of the P. pd/c complex) just 12 days later (Table
11). This data suggests that the initial bloom of P. cuspidata was short lived.
Of the species that were positively identified via electron microscopy, P.
calliantha produced the maximum concentrations of cellular DA (0.54 pg/cell).
Interestingly, blooms of P. calliantha that did not appear to produce DA were also
observed. In fact the presence of both toxic and non-toxic strains of P. calliantha,
and P. pungens provides evidence that strain differences or even differences in gene
expression exist in natural populations of these species in Florida coastal waters. This
variability of DA production between strains could be attributed to genetic variation,
with some species genetically capable of producing DA, while others are not, as has
been suggested by Bates (1998). This theory is further supported by results obtained
during field trials of molecular probes on Pseudo-nitzschia species in Louisiana
coastal waters (Parsons et al., 1999). Conversely, it has been widely accepted that
physical, biological, and nutritional parameters can contribute to varying cellular
toxicity of species in the genus Pseudo-nitzschia (Bates, 1998; Lelong et al., 2012).
Therefore, it is equally possible that a combination of environmental factors
contributes to the observed low DA production by Pseudo-nitzschia species in Florida
waters. A positive correlation between nitrate concentrations and Pseudo-nitzschia
species abundance has been observed in the northern Gulf of Mexico (Liefer et al.,
2009; MacIntyre et al., 2011). In addition results of a study conducted by Thessen et
al. (2009) demonstrated increased growth rates of multiple strains of P. calliantha
exposed to nitrate and ammonium. Elevated inputs of nitrogen into Tampa Bay in
recent times (Greening and Janicki, 2006; Poor et al., 2001) could therefore
theoretically contribute to the high abundances of P. calliantha observed in the
northern bay during fall 2010. Additionally, phosphate limitation has been shown to
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trigger DA production by species of Pseudo-nitzschia (Bates, 1998). Since the waters
of Tampa Bay are known to contain extremely high concentrations of phosphate
(Greening and Janicki, 2006; Lewis et al., 1999), this may explain the observed lack
of DA production during the fall 2010 bloom of P. calliantha. The presence of massive
non-toxic blooms of Pseudo-nitzschia species in the Indian River Lagoon (IRL) on
Florida’s east coast (Chapter 1, Phlips et al., 2011; Phlips et al., 2004) lends further
credibility to this theory, as the IRL is also known for its extremely high levels of
nitrogen and phosphorus (Sigua and Tweedale, 2003).
Recent research has suggested that trace metal limitation in the marine
environment can stimulate DA production in Pseudo-nitzschia. For example, lowest
iron concentrations in the Juan de Fuca eddy during a bloom of Pseudo-nitzschia in
2004 were associated with highest particulate and cellular DA concentrations,
implicating iron limitation as the trigger of DA production. Further evidence to
support this was provided by Wells et al. (2005) who demonstrated that Pseudonitzschia species have an inducible high affinity iron uptake capability, which enables
them to outcompete other diatoms in low iron conditions. Exploration into the
mechanisms involved in red tide initiation in Florida coastal waters indicated that the
bioavailability of iron seemed to be elevated in this region, in part due to aeolian
inputs of trace metals contained in Saharan dust particles which originate off the
western the coast of Africa (Walsh and Steidinger, 2001). These apparent elevated
levels of trace metals provide a potential explanation for the observed low DA
production by Pseudo-nitzschia species in Florida waters, although laboratory
experiments are needed to test this theory.
To date the exact mechanism that triggers DA production in Pseudo-nitzschia
remains elusive, and in fact it is likely that not just one, but a combination of factors
are involved in the initiation of DA production by Pseudo-nitzschia species in Florida
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waters. Although not all species of Pseudo-nitzschia have been shown to produce DA,
it is possible that each species could produce the toxin given the proper growth
conditions (Parsons et al., 1999). Since DA production has been shown to vary both
inter- and intra-specifically for the genus (Bates et al., 1998; Baugh et al., 2006), it
is also entirely possible that cellular toxicity of resident populations of Pseudonitzschia could increase as a result of mechanisms that are not yet fully understood.
Although the results of the present study are informative, the sample set was
limited. It is therefore important to further characterize the population dynamics of
Pseudo-nitzschia species in Florida waters, especially in light of the observed
increase in abundances of Pseudo-nitzschia in the northern gulf in recent decades in
response to eutrophication (Parsons et al., 2002).
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CONCLUSION AND FUTURE RESEARCH

The main goal of this study was to document the spatial and temporal
distribution, diversity, and toxicity of Pseudo-nitzschia species in Florida coastal
waters in order to assess the potential for ASP or domoic acid poisoning to occur. It
is apparent from the results of this work that blooms of Pseudo-nitzschia species are
common in Florida coastal waters and often reach densities in excess of 106 cells/L.
Despite these high abundances, comparatively low levels of DA were detected in
water and biota samples collected over a period of 8 years (2004 to 2011).
Furthermore, DA concentrations detected in commercial and recreational species of
shellfish were at least an order of magnitude below the regulatory limit for human
consumption. The three toxigenic species of Pseudo-nitzschia (P. calliantha, P.
cuspidata, and P. pungens) identified from Florida coastal waters had low per cell
toxin quotas compared to those seen in geographic regions where these species can
be problematic. Moreover, none of the species that have been implicated in ASP or
DA poisoning events on the west coast of the U.S. and Canada (P. australis, P.
multiseries, and P. pseudodelicatissima) were identified in samples collected during
this study. Therefore, the potential for ASP or domoic acid poisoning of wildlife to
occur in this region seems to be low; however, since high density blooms of Pseudonitzschia species are common in Florida, the possibility for these events to occur in
the future cannot be ruled out.
The results of this work can be used to assess and improve future routine
monitoring efforts for Pseudo-nitzschia species in Florida. For example, sampling
efforts can be increased during predicted bloom periods (i.e. summer and fall) to
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address the question of toxic bloom duration or to further explore bioaccumulation of
DA in invertebrates. Multiple theories have come to light during this study as to the
reasons for low DA production by Pseudo-nitzschia species in Florida. One hypothesis
is that elevated phosphate or iron levels might influence low DA production by
species in this region. In order to address this and other hypotheses, future research
should focus on isolation and culturing of Gulf of Mexico Pseudo-nitzschia species for
nutrient and trace metal manipulation experiments. Further development of
molecular assays to facilitate more effective routine species identification will also
benefit from isolation and culturing of resident Pseudo-nitzschia species.
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